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Various sub models of a multi-zone phenomenological model are developed by
incorporating Dec’s conceptual model and Siebers’ mixing limited theory and validated
with experiments. The spray penetration model, liquid length model and lift-off length
model are verified with experiment data. The ignition delay model is then validated with
experiment data at different injection timings and loads. The air entrainment model is
based on Siebers’ jet theory. Sub models for the premixed heat release rate and diffusion
burn rate are also included. The overall phenomenological model is at first used to match
the motoring pressure curve. The important sub models are well validated independently
and the phenomenological model is useful in simulating diesel spray combustion. Future
work is needed to integrate these sub models and to resolve existing issues in temperature
profiles of the preparing zone and liquid zone.
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CHAPTER I
INTRODUCTION

1.1

Background
The combustion phenomenon has been familiar with the human race ever since

history began. At first, humans used fire to keep themselves warm and also to keep
animals away from the camps. In the Middle Ages, fire, along with water, earth and air
was considered to be one of the four bases in the universe. While the understanding of
combustion was rather intuitive, people started to realize the importance of combustion in
their everyday lives.
The internal combustion (IC) engine is one of the greatest inventions of utilizing
the energy from combustion. The modernized history of internal combustion engine dates
back to 1876, when Nicholas Otto first developed the spark-ignition engine, and 1892,
when Rudolf Diesel invented the compression-ignition engine. Since these inventions, the
combustion engine has been continuously serving human beings for more than one
century. Due to the developments of thermochemical science, fluid mechanics and other
associated disciplines, huge efforts have been made to improve its energy conversion
efficiency from the early poor efficiency to typically 20% in recent gasoline engine and
40% in diesel. The unwanted emissions that results from its usage are reduced, too. The
IC engine is by far the most critical and reliable “heart” for vehicles and it has become
1

the most suitable for transportation purposes after a long period of development. For the
next several decades, the IC engine will continue to play the leading role in power system
in the near future.

1.2

Energy and Emission Regulations Overview
Universally, fossil oil is still the most important energy source. For instance, the

primary energy consumption history and projection from 1980 to 2035 in the United
States is shown in Figure 1.1. It can be seen from the chart that the oil consumption
continues to remain the major part of consumption (as much as 37%). Specifically, the
primary energy consumption for each source in 2009 is plotted in Figure 1.2. It tells that
nearly 70 percent of the supplied petroleum oil is used in transportation, composing 94%
of the energy source. These data show that the fossil energy will still be the capital energy
sources for transportation in the near future.
At the same time, because of the growing concerns about greenhouse gas
emission and global energy depletion, there are more and more stringent regulations on
the hazardous emissions of IC engines, such as the oxides of nitrogen (NOx) and soot.
Figure 1.3 is a comparison of the regulations on several important emissions.

2

Figure 1.1 Energy consumption by fuel from 1980 to 2035. (U.S. Energy information
administration annual Energy outlook 2011 early release overview. The unit
is quadrillion Btu)

Figure 1.2 Primary energy flow by source and sector, 2009. (U.S. Energy information
administration, annual energy review 2009, Report No. DOE/EIA0384(2009). The unit is quadrillion Btu)

3

Figure 1.3 Heavy duty diesel engine emissions standards (US-EPA)
1.3

Motivation and Objective
Due to its high brake thermal efficiency, the diesel engine is more favorable in

many applications than the gasoline engine (i.e. large ships and heavy-duty trucks), but
the complicated mechanism of diesel combustion is not yet fully understood. While three
dimensional Computational Fluid Dynamics (CFD) simulations can provide detailed
local information, the associated computational costs are high, ruling out their use for
quick practical assessments. These facts motivate the current research. The challenge here
is to develop sub models of a zero-dimensional, multi-zone phenomenological model for
direct injection (DI) diesel combustion. It considers those essential processes, such as
spray evolution, fuel evaporation, air entrainment, ignition, and premixed and diffusion
combustion. To accomplish the task, some recent theoretical and experimental
discoveries in DI diesel engine will be incorporated into this model. Finally, the
generated results from this phenomenological model will be presented and discussed.

4

1.4

Organization of the Work
To fulfill the objectives, this thesis is organized into different chapters which

sequentially deal with each concerned topic in depth. To begin, in the next chapter, a
literature review, which concerns the present understandings of diesel spray combustion,
is presented. Beginning in the third chapter, which discusses some important sub models,
a phenomenological model is discussed in detail. The fourth chapter deals with the zone
developments in different combustion stages. The sub models are validated independently
in the fifth chapter; some simulation results from the new model are also presented. The
sixth chapter gives a summary of the major results from the simulation and makes
conclusions. The final chapter discusses the shortcomings of the simulation work, and
recommendations of the future research directions.

5

CHAPTER II
LITERATURE REVIEW

The fuel injection process in a diesel engine is a complicated phenomenon. This
complexity is due to the very small time scale fluid mechanical process that involves
rapid mass, energy and momentum transport in a high pressure and temperature
environment. Both experimental and numerical results show that diesel spray behaviors
affect in-cylinder mixture formation and combustion, and emission in a diesel engine
[Heywood, 1988; Hiroyasu, 1998; Baumgarten, 2006]
This chapter is divided into five sections. In the first part, the diesel spray is the
major concern. Some general basis for a typical diesel spray is presented concentrating on
its underlying physics. Particular emphasis is placed on Dec’s conceptual model [Dec,
1997], which seeks a new understanding of diesel spray combustion. The third part
focuses on understanding the diesel spray structure in light of research in tip penetration,
liquid, lift-off and flame lengths. In the fourth part, several interesting topics are selected
to discuss in more details, followed by a summary of this chapter.

6

2.1

Diesel Spray Basics
An understanding of the physics in diesel spray is very critical before delving into

the subject. This section discusses the basics of the diesel spray processes. An in-depth
discussion on this matter can be found in [Baumgarten, 2006].
Before fuel is injected from the nozzle to cylinder, it experiences a nearly
instantaneous state change in the nozzle hole. In a typical spray, due to the momentum
and energy transfer between entrained gas and fuel, break-up processes of liquid jet and
liquid droplet occur. The liquid jet does not break up into droplet instantly, but there is
some unbroken portion referred as the liquid break-up length [Hiroyasu, 1998]. For the
conditions of high injection pressures and nozzle geometries with short length-todiameter ratios, the intact portion of breakup length is very short; breakup can occur at
the nozzle exit plane [Page 531, Heywood, 1988]. In Figure 2.1, the structure of diesel
engine spray is shown schematically.

Figure 2.1 A typical full cone diesel spray structure (Adapted from Baumgarten (2006))

7

The first area of break-up of the injected liquid fuel near the nozzle, which has
high velocity and a small time scale, is called the primary break-up region. This break-up
will result in large ligaments of the liquid jet; therefore this region is composed of dense
liquid. In case of high injection pressure of typical diesels, the primary break-up region
usually follows the mechanism of atomization that it is occupied by droplets much
smaller than the nozzle diameter.
The primary break-up region is very complex and difficult to investigate because
the disintegration process strongly depends on the flow conditions inside the nozzle,
which again is inconvenient to analyze. In a direct injection (DI) diesel engine, the
distance between the sac volume and nozzle exit is very limited. Length-to-diameter ratio
is an important characteristic for the geometry of an injector. Besides, due to high flow
velocity and small preparing length, unwanted cavitation and a non-uniform velocity
profile at the exit are expected. A velocity coefficient is used to mimic the velocity loss
from the ideal Bernoulli velocity. An area contraction coefficient is another parameter
used to account for area loss due to cavitation. It has been determined that the strong
turbulence in the nozzle hole due to cavitation contributes greatly to this liquid fuel
disintegration in a DI diesel engine [Hiroyasu, 1998].
The subsequent break-up of already existing droplets is referred to the second
break-up region. Typically, this region is the place where the disintegration of the existing
droplets takes place, which includes droplet collision and coalescence. The mechanism
for disintegration into smaller droplets is due to the aerodynamic forces induced by the
relative velocity between droplet and surrounding gas [Baumgarten, 2006]. The velocity
of a fuel jet further decreases due to drag forces in this region. Later on, because of the
8

interactions between ambient air and droplets in mixing process, a conical full-cone spray
starts to form. The spray core is occupied mostly by liquid droplets in the centerline,
while the outer boundary has more fuel.

2.2

Recent Development in Diesel Spray Combustion
Recent progresses in the understanding of the diesel spray combustion are

reviewed in this section. Earlier understanding of diesel combustion was limited by the
lack of localized spray information, which leads to the usage of the established theories
for free gas jets. During the 1990s, the advent of laser-based planar imaging optical
diagnostics in engines led to plethora of research in redefining diesel combustion. Some
of the first reported research works on diesel engine fundamentals with aid of new
diagnostic technology were conducted at the Combustion Research Facilities in Sandia
National Laboratories. This research led to a comprehensive re-definition of diesel
combustion. The new diagnostics methods include Mie scattering, Rayleigh scattering,
laser-induced incandescence (LII), planar laser-induced fluorescence (PLIF), natural
luminescence, etc. These new imaging measurements provide an abundance of new
details about diesel combustion. Dec made contributions to the general physics of diesel
combustion [Dec, 1997; Dec and Coy, 1996], while Siebers shed light on the details of
the evaporation and combustion processes [Siebers, 1998; Siebers, 1999; Siebers and
Higgins, 2001]. Their work will be reviewed elaborately and comprehensively here since
it forms the basis of the new phenomenological model developed in this thesis.

9

2.2.1

Dec’s Conceptual Model of Diesel Combustion
In 1997, Dec published the well-known “conceptual model,” which gives a new

description of spray combustion based on discoveries from optical accessible engines
[Dec, 1997]. A complete and detailed analysis of this understanding gives us not only an
overall picture of combustion, but also serve as a guideline for developing a
phenomenological model.
Dec’s experimental results showed the concurrence of diffusion and premixed
combustion, meaning that the separation of diesel combustion events like [Heywood,
1988] is not consistent with experiments. Instead, the diesel combustion is known to be
two-stage combustion, here for convenience it is separated as: the ignition delay period
(includes the initial jet development and auto ignition), first and second stage
combustion, followed by the end of injection (EOI) behaviors. The sequence of
combustion phases are illustrated schematically in Figure 2.2.
(1) Initial Jet Development
Immediately after the Start of Injection (SOI), a fuel jet experiences a consecutive
disintegration process, which forms fuel droplets. At the same time, the spray is also
penetrating outward in the radial direction, forming a conically spreading angle. The
diesel fuel experiences evaporation due to the entrainment of hot ambient gas. The
maximum liquid penetration length under the current conditions is the point where the
liquid fuel can exist, which is defined as the liquid length. Some distance after the liquid
length, a head vortex begins to form.
Before the jet reaches the liquid length, it is believed that the liquid fuel occupies
most of the central region of the jet where the temperature is relatively low; while at the
10

jet boundary (where the fuel and air are in contact), fuel is vaporized due to intense
energy exchange. This vapor fuel region is believed to be extremely thin near the injector,
but becomes progressively thicker downstream [Dec, 1997]. Another general
characteristic of the spray jet is that its penetration speed is decreasing because of drag

Apparent Heat Release Rate

Fuel injection rate

forces and entrainment.

2nd stage
combustion
1st stage

EOI
behaviors

combustion
Ignition
delay

Crank Angle [degree]

Figure 2.2 A typical heat release rate curve for diesel combustion

(2) Auto Ignition
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The exact point of auto ignition is not well defined. Downstream of the liquid
length, chemiluminescence is found along the sides of the jet initially during the ignition
delay period, which is evidence of a low temperature flame resulting from chemical
energy release. The ignition delay period is referred to as the period between SOI and the
start of combustion (SOC). During this time interval, the fuel is injected and atomized,
and experiencing evaporation and mixing processes. Finally a fuel rich combustible
mixture forms in the leading portion of the spray with equivalence ratio is around 2 to 4.
(3) First Stage Combustion
The ignition delay timing marks the start of high temperature premixed
combustion - initial premixed burn1. In the heat release curve, the change of heat release
rate to positive is the beginning of this stage. The fuel vapor starts to breaks down, and
Poly Aromatic Hydrocarbons (PAHs) form almost uniformly across the leading portion,
which typically ranges from a distance down the liquid length to the penetration tip. This
reaction in the leading portion is called the initial premixed burn to further distinguish it
from the premixed burn in the second stage combustion. Chemiluminescence is found in
the multiple points of the leading portion. Then to a great extent the initial premixed burn
can be treated as occurring nearly volumetrically.
Almost simultaneously with beginning of the initial premixed combustion,
diffusion flame forms at the jet periphery and propagates, creating a sheath around the jet
boundary. This diffusion flame is believed to start from multiple points along the side of
the jet, since a time scale for it starting from one single point and spreading the whole jet

1

Though actually the initial premixed burn starts a little before the ID timing.
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length is too long [Dec and Coy, 1996]. As combustion continues, there is a heat release
rate spike, which is closely related to the mixing process during ID. As the fuel vapor/air
mixture is consumed, this premixed burn will finally end with a drop in heat release rate.
During this stage, both the diffusion and premixed combustion are occurring, so it is here
referred to as the first stage combustion for the sake of distinction from the old
nomenclature, which advocates only the existence of the premixed combustion.
(4) Second Stage Combustion
After the first stage, the last premixed fuel vapor is consumed. Then, the
combustion energy source relies heavily on the diffusion combustion in the jet boundary
which is exposed to relative abundant oxygen from ambient air. In the spray, Dec (1997)
hypothesized a standing premixed flame some distances down the diffusion flame. This
premixed burn is also considered fuel rich. Beginning from the second increase of the
heat release rate to the end of combustion, this stage is called second stage combustion in
order to avoid confusion with the old nomenclature of diffusion combustion. It is
believed that the diffusion combustion occurs at stoichiometric equivalence ratio since
the OH concentration is found to be high.
As known, diesel engine combustion is unsteady. During the end of the first stage
combustion, while the spray jet is still penetrating, its speed becomes low due to large air
entrainment. Together with the full developed head vortex region, where the soot has the
largest size and concentration [Dec, 1997], it becomes relatively more stable. In the
exterior of the diesel spray, the ambient gas density and temperature do not change too
much due to combustion heating. These facts indicate that the diesel spray jet is evolving
toward a fully developed jet. Therefore, the period starting from the end of first stage
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combustion to the End of Injection (EOI) in the second stage combustion is referred as
the quasi steady period [Dec, 1997]. In this quasi-steady period, a diesel spray jet can be
treated as like a free gas jet. A full description of the quasi steady portion of the diesel
spray jet is shown in Figure 2.3.

Figure 2.3 The conceptual model of DI diesel combustion during the quasi steady period
(Adapted from [Dec, 1997])
2.2.2

In-Depth Understanding of Dec’s Model
With the help of Dec’s model, we can seek an in-depth understanding of diesel

combustion. First of all, one thing that needs to be kept in mind is that Dec’s conceptual
model is based on extensive experimental data, so it has its advantages and credibility in
reality, but some uncertainties exist. For example, the existence of standing premixed
flame may be doubtable, as pointed out by Dec in [Dec, 1997]. His model, however, is by
far the most suitable model consistent with experimental results. Many phenomenological
models have been developed based on this model, such as [Tree and Svensson, 2007;
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Maiboom et al., 2009]. New discoveries can be added to improve the completeness of the
model.
On the other hand, if we are concentrating on this conceptual model, some
nuances need to be addressed and extended. The first issue concerns the nature of
combustion inside the jet after the ignition delay (ID) (i.e., initial rich premixed
combustion). Dec did not discuss this detail in the original paper [Dec, 1997], but in the
literature there are some discrepancies in dealing with this part. Tree and Svensson [Tree
and Svensson, 2007] discussed a little about diesel combustion in their review paper of
soot processes. They said, “After reacting, these rich products of combustion continue to
move downstream, entrain combustion products, and diffuse toward the surrounding
diffusion flame”. This statement actually means that that after the initial premixed
combustion occurs, there is mass diffusion, but not flame propagation, downstream.
There is a noticeable link that can be inferred. In the representative plots that Dec showed
(see Figure 17 in [Dec, 1997]), there does not seem to be any soot gradients downstream
of the premixed combustion regions (in the cases for both the initial premixed burn and
premixed burn during quasi steady period). This fact means that there is no combustion
occurring downstream, otherwise the soot gradient would have changed. This explanation
is consistent with the observation that both the initial premixed combustion immediately
after ID and the standing premixed combustion are fuel rich, then the oxygen could have
been consumed to a great extent before reaching downstream. Also, the flame in the jet
boundary prevents fresh oxygen from diffusing into the jet by high temperature diffusion
combustion. While there could be some premixed flame propagation just a few distances
downstream the most upstream of the diffusion flame, it has extinguished before
15

travelling further downstream presumably because of lack of oxygen. The statement of
Tree and Svensson (2007) then could be considered consistent with Dec’s model, but still
there is also misunderstanding in their paper, which will also be reviewed later.
Second, the soot processes are in need of clarifications. During the initial rich
premixed burn, soot in small sizes will form. The question is whether the premixed
combustion is only the soot source. In other words, is there some soot coming from the
diffusion flame? In regards to the first stage combustion, experimental results in [Dec,
1997] show that there is no increase in soot concentration at the jet periphery with the
formation of diffusion flame. While at the end of this stage, which is called the last part
of premixed burn, some large soot particles are produced from the diffusion flame and
transported inward from the jet periphery due to turbulent mixing [Dec, 1997].
Nonetheless, during the quasi steady period, Dec made a detailed theoretical analysis.
According to him, soot cannot come from the fuel pyrolysis inducted only by the hot air,
nor could it possibly come from the diffusion flame since this would produce an inward
growth of the thin sooting zone along the diffusion flame upstream from the standingpremixed combustion [Dec, 1997]. He further suggested a standing premixed flame could
exist just upstream from where the soot first forms for best agreement with experiments,
but also admits that the validity of this hypothesized flame needs investigating.
If this conjecture is true, then all the fuel first undergoes fuel-rich premixed
combustion and then diffusion combustion. In other words, the diffusion flame during the
quasi steady period is no longer the combustion of pure fuel/air but combustion products
of premixed burn and air, which includes soot oxidization into oxides of nitrogen (NOx)
from thermal NO mechanism and continuing fuel oxidization [Dec, 1997]. For instance,
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Tree and Svensson (2007) said that, “downstream of the location where the diffusion
flame begins, products of combustion, not fresh cylinder gases, are entrained into the jet
[Page 282, Tree and Svensson, 2007]”. This statement is saying that the combustion
products of diffusion flame in the jet boundary will be entrained inward toward the jet,
which is inconsistent with the description of Dec. As summarized above for the soot
formation during quasi steady period, initial soot is believed to form after the
hypothesized standing premixed combustion, and then it is transported downstream and
radially outward to the diffusion flame region where the soot and unburned fuel are
further oxidized.
The existence of aforementioned standing premixed flame hypothesized by Dec
may need more investigation. In the literature, it is verified by at least two works. In the
modeling work on the lift-off for diesel combustion, Chomiak and Karlsson (1996) found
that, besides the diffusion flame part, there was rich reaction in the core of the spray at
some distance downstream of the lift-off length with high temperature and highly
partially burned fuel concentration. This simulation result supports the existence of rich
premixed combustion inside the spray just near the lift-off length. In the other place,
Pickett and Siebers (2001) analyzed the orifice diameter effects on diesel flame structure
in a constant volume vessel. From the OH chemiluminescence image along the axial
distance, they found that there was an intense reaction region very near the lift-off length
[Page 192, Pickett and Siebers, 2001]. The existence of this combustion region just
downstream the lift-off length provides experimental support to the “standing premixed
combustion” hypothesis.
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2.2.3

Concluding Remarks
Diesel spray combustion is a complicated phenomenon occurring within a very

small time scale. After the ignition delay (ID), the premixed combustion starts at the head
vortex region, while the diffusion combustion is occurring at the jet periphery, and the
existence of both premixed combustion and diffusion continues to the end of injection
(EOI). In the quasi-steady portion, the diffusion combustion becomes mixing-controlled,
with a standing premixed flame near the lift-off length in the central core (though not
verified experimentally). In regards to the premixed combustion phases occurring in
diesel combustion, the initial premixed burn is believed to occur at the leading portion of
penetration with an equivalence ratio between 2 to 4; the standing premixed combustion
in the quasi-steady jet is supposed to occur at an equivalence ratio between 3 to 5. In
summary, all the premixed combustion occurs at fuel rich conditions.
Dec’s model serves as a new guideline for the understanding of diesel spray
combustion. Comparing this model with the old understandings, Dec pointed out the
following new discoveries:
(1) All the fuel in the main reaction region is in vapor phase.
(2) Fuel undergoes rich premixed combustion before reaching the diffusion flame.
(3) Both premixed combustion and diffusion exist during the combustion period till the
EOI.
(4) Soot occurs throughout the cross section rather than in a shell near the diffusion
flame.
(5) Oxides of nitrogen (NOx) is mainly formed in the diffusion flame by thermal NO
mechanism.
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2.3

Recent Development in Diesel Spray Structure
The further advancements in understanding the diesel engine spray are reviewed,

including the tip penetration, liquid length and lift-off length. The intentions of this
section are to elucidate the effects on these topics theoretically. The quantitative
correlations are presented in Chapter 3 when developing the phenomenological model.

2.3.1

Spray Tip Penetration
One parameter that is critical for capturing the features of jet evolution and

entrainment in a diesel spray jet is its tip penetration. It is known that the penetration
affects the mixing and evaporation processes and thus the formation of a combustible
mixture. The higher the penetration rate, the better is the mixing efficiency.
Understanding the evolution of tip penetration can help in further understanding the
mixing and combustion processes.
In the past, numerous experiments and empirical efforts have been made to find
tip penetration. For example, the earliest work was done by Schweitzer in 1937
[Schweitzer, 1937]. The experimentation and simulation research done by Wakuri et al.
(1960) is remarkable, in which a theoretical correlation was generated by using
complicated mathematics but a simple momentum theory2. A good review on the various
correlations for spray penetration up to 1970s can be found in [Hay and Jones, 1972].
Another comprehensive review on the development of diesel spray characteristics up to

2

The penetration law from Naber and Siebers is actually based on this research.
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1980s can be found in [Hiroyasu, 1985], in which all the up-to-date correlations for spray
tip penetration, spray angle and droplet size distribution are listed. The most notable
work on spray penetration is by Hiroyasu and Arai [Hiroyasu and Arai, 1990]. From
special experimental techniques, they generated an empirical correlation for spray tip
penetration, break-up length and spray angle. The empirical correlations on the spray
angle and tip penetration from have been widely used by many investigators in
developing phenomenological models of the diesel combustion process [Jung and
Assanis, 2001; Siewert, 2007].
Naber and Siebers (1996) analyzed the effects of vaporization and combustion on
penetration and dispersion of diesel spray. By experimenting in a constant volume
combustion vessel using Schlieren imaging, they found that ambient gas density has a
significantly larger effect on spray penetration, but a smaller effect on spray dispersion
than previously reported. The spray angle increase with an increase in the ratio of the
ambient gas to fuel densities; the orifice geometry parameters are the only other non-fuel
parameter having a great effect on the dispersion angle. Besides, the vaporization tends to
reduce the spray dispersion angle, but this reduction decreases as the ambient gas density
to fuel density ratio increases. The spray penetrates slower in a high density condition.
The larger effect on penetration is caused by ambient gas density effect on spray
dispersion. In addition, the evaporation will decrease penetration and dispersion by as
much as 20% relative to non-vaporizing sprays, but the effects decrease with increasing
gas density.
In addition, following the work of Wakuri et al. (1960) using the simple gas jet
based on conservation of mass and momentum, a general penetration law was generated
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for a non-vaporizing and non-reacting fuel jet issuing from the injector with a top-hat
injection profile. Instead of very complicated computation in the original work of Wakuri
et al., Siebers found that computation can be greatly reduced using empirical and nondimensional parameters.

2.3.2

The Liquid Length
The maximum axial penetration distance of liquid phase fuel is called the liquid

length. It is closely affiliated to the fuel-air mixing and fuel wall impingement in diesel
combustion, which in turn affects the engine performance and emissions. A trade-off
exists in this situation. To facilitate better mixing, longer liquid lengths are preferred, but
this could also cause fuel impingement on cylinder walls, which can lead to undesired
emissions of unburned hydrocarbons (UHC) and carbon monoxide (CO) [Siebers, 1998].
While the liquid length is closely related to the fuel vaporization process, its
characteristics are not fully understood yet. Earlier research efforts on characterizing
liquid length behaviors were limited by the diagnostics, as well as the usable data bank
for large ranges of conditions. A complete review of liquid length research can be found
in [Siebers, 1998].
Siebers and his co-workers performed experiments and simulations regarding
liquid length. Most of this research was conducted in a constant volume vessel under
simulated diesel and diesel-like conditions with either line-of-sight access or orthogonal
optical access. Siebers (1998) considered effects of various factors, including injection
pressure, orifice diameter, ambient gas temperature and density, and fuel temperature and
volatility on liquid length for a wide range of conditions with the Mie scattering
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technique. It is observed that liquid length increases as the ambient gas temperature,
density, fuel volatility and fuel temperature decrease. The diameter has a linear effect on
the liquid length. In a multi component fuel, the liquid length is controlled by the low
volatility fraction. Besides showing these general characteristics, the major discovery
from this experiment is that the injection pressure has no significant effect on liquid
length. Based on this data, Siebers (1999) published a scaling law for liquid length
calculation based on jet theory from [Wakuri et al., 1960]. By introducing adiabatic
saturation assumption and phase equilibrium at the liquid length, Siebers is able to find
the liquid length numerically in agreements with the corresponding experimental values
over a wide range of conditions. In addition, Siebers determined that n-heptadecane is the
best surrogate to model liquid length of diesel fuel, which is useful in simulations.
The most noticeable findings from the experiment data are the independence on
injection pressure and the linear dependence on orifice diameter of liquid length. These
trends indicate that the vaporization process is predominantly controlled by mixing
process [Siebers, 1999]. Consistently, these behaviors are also captured by the scaling
law without considering any physics of local energy and momentum transfer rate, which
are generally modeled as evaporation of isolated droplets with same Sauter’s Mean
Diameter (SMD) [Hiroyasu et al., 1983; Jung and Assanis, 2001]. Such discoveries from
experimentation and application of theories support the fact that at the conditions of high
injection pressure for a current direct injection (DI) diesel engine, the liquid droplet
evaporation in a diesel spray is limited by the mixing of the ambient air. The reason is
that the well-atomized liquid droplets are so small that the local surface transport
processes are faster compared to the mixing rate.
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From another perspective, the local transport rate is so fast compared to the
mixing rate that there are no differences in energy (i.e., temperature) or momentum (i.e.,
velocity) between the vapor phase and liquid phase. This observation, though not
explicitly pointed out in Siebers’ original paper, further validates of the assumption of
Locally Homogeneous Flow (LHF) in diesel spray. The LHF assumption was introduced
and implemented in the modeling of the spray evaporation and combustion in gas
turbines by Faeth in the 1970s [Shearer and Faeth, 1979; Mao et al., 1980]. The basic
assumption of the LHF model is that the transport between the phases is infinitely fast.
This implies that a thermodynamic equilibrium exists between the liquid phase and the
surrounding gas phase, and that there is no velocity difference between the two phases
[Shearer and Faeth, 1979]. This approximation has been utilized successfully in several
efforts. For instance, the penetration law assumes uniform velocity and no velocity-slip
between phases [Naber and Siebers, 1996]; Siebers’ scaling law assumes thermodynamic
equilibrium at the liquid length [Siebers, 1999]. In an effort to model the vaporizing nonreacting diesel sprays under high diesel engine injection pressure, Iyer et al. (2000) also
used the LHF assumption to simplify treatment of the dense two phase flow especially
near the nozzle exit. The LHF assumption was valid by reasonable agreement between
numerical and experimental results. Philippe et al. (2000) developed a new correlation for
gas penetration and steady liquid length calculations. By assuming thermodynamic
equilibrium everywhere along the spray, they were able to find the composition
distribution, gas and liquid penetrations along the one dimensional axial direction. A new
three dimensional model was then built from these preliminary results from one
dimensional analysis based on the mixing-limited vaporization theory.
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The major disadvantage of LHF involves inaccuracies coming from the failure of
the assumption that there is an infinitely fast transport rate between phases, as also
pointed out by Shearer and Faeth (1979). This inaccuracy becomes more obvious when
droplet sizes are large and when liquid densities are much greater than gas densities.
From this perspective, one shortcoming of Siebers’ scaling law is an over prediction of
liquid length at the low temperature and density conditions, as mentioned in [Siebers,
1999]. The reason is that the local transport rate will become the controlling factor, as the
ambient density and temperature is decreasing, since the local interphase transport rate
will continue to become slower than the mixing rate. For instance, both the ambient
temperature and density are less at early injection timings for a diesel engine. A major
issue, which arises under these conditions, is the applicability of Siebers’ scaling law. In a
recent paper considering the very advanced injection timing (as early as 40º before Top
dead Center (BTDC)) in low temperature combustion (LTC), Pickett et al. analyzed the
transient liquid length behavior in a constant volume vessel [Pickett et al., 2009]. Their
experimental results confirmed that the scaling law tended to overestimate the actual
liquid length in relatively low ambient temperatures and densities.

2.3.3

The Lift-off Length
In comparison to the liquid length which is related to the evaporation, the lift-off

length is considered closely affiliated to the combustion. Originally, this concept comes
from the research concerning non-premixed jet flames, which means the length between
nozzle exit and the most upstream position where combustion is occurring. Lifted flame
will eliminate the direct contact of the high temperature flames with the rim (such as
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nozzle exit), which will lead to erosion of the injector [Peters, 2000]. A comprehensive
review of lift-off length in gas jets is beyond the scope of this discussion, but a thorough
discussion of the lifted jet flame can be found in [Peters, 2000]. Specifically in diesel
engines, during the quasi-steady portion, it is found that the high temperature turbulent
diffusion flame stabilizes at some distance downstream of the nozzle exit. The most
upstream location that the diffusion flame is occurring is referred as the lift-off length.
There have not been many investigations into the lift-off length in diesel engines
since 1998 when Siebers and his co-workers started the research. Under quiescent
conditions, the effects of ambient gas temperature and density, injection pressure, and
orifice diameter on the flame lift-off length in a diesel spray were first experimentally
investigated by Siebers and Higgins (2001) using natural OH luminescence [Siebers and
Higgins, 2001]. The measurements showed that lift-off length decreases by increasing
ambient gas temperature or density, and increases when the injection pressure or orifice
diameter is increased. Ambient gas temperature has a non-linear effect on the gas amount
entrained up to the lift-off length while ambient gas density shows minimal effects. Also,
an increase in injection pressure and orifice diameter will enhance the mixing process,
thus increasing the air entrainment. When relating the air amount to the lift-off length to
soot incandescence, Siebers and Higgins observed that soot will decrease as the amount
of fuel-air premixing up to lift-off length increases, becoming negligible when the
equivalence ratio is reduced to less than two at the lift-off length.
Later on, Siebers et al. (2002) continued the research work by expanding the
considerations on effects of oxygen concentration. They found that lift-off length is
inversely proportional to the ambient gas oxygen concentration. Reduction in oxygen
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concentration by using exhaust gas recirculation (EGR) leads to an increase in the lift-off
length proportional to this reduction. The compensation’s effects show a decrease in the
oxygen entrainment rate due to a smaller oxygen fraction, and thus a decrease in the local
combustion rate. At the same time, the fuel jet combustion and soot formation processes
are pushed downstream and stretched out in the axial direction. Soot formation decreases
as the fuel-air premixing increases, which becomes negligible when the oxygen
entrainment is sufficient to reduce the cross-section average equivalence ratio at the liftoff length to be less than two. Within the conditions of high injection pressure and small
nozzle diameter, soot is found to decrease continuously. A detailed analysis and
comparison of this correlation with the one used in a gas jet can be found in this
reference.
Following earlier work, Pickett et al. (2005) analyzed the relationship between
ignition processes and lift-off length. It was found that lift-off is affected by the ignition
quality; fuels with higher cetane number generally have shorter lift-off lengths. Noting
the possibility that the lift-off length could be strongly influenced by ignition, they further
generated an Arrhenius type correlation to find the time needed from nozzle exit to the
lift-off length with reasonable agreement with experiments.

2.3.4

The Flame Length
This nomenclature is not introduced in Dec’s conceptual model, but it could have

its own importance as liquid and lift-off lengths, such as when discussing the flame
structure of diesel spray jet in the developed portion since we need this geometric
information in simulation. Originally, this concept was from the research of the laminar
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diffusion flame structure in a Bunsen burner. For an over ventilated flame (where overall
equivalence ratio is less than one), the flame length is the location where the local
equivalence ratio is one [Turns, 1996]. The chemical reaction (i.e. combustion) region is
limited in a narrow annulus region until the flame tip is reached. In other words, reaction
can only occur up to the flame length. Many empirical correlations have been posted for
Bunsen burner with considerations of the port geometry. Some correlations for vertical
laminar jet flames can be found in Page 331~333 of [Turns, 1996]. For vertical flame in a
Bunsen burner, the Froude number (Fr) is used to determine if a flame is momentum
(when Fr is much greater than 1) or buoyancy controlled (when Fr is much less than 1).
Flame length concept is also extended to turbulent diffusion flame from laminar flame
theory, which is more consistent with the cylinder environment that is turbulent. The
flame length theory under turbulent condition seems to be well established in vertical
flame jet and many correlations can be found in Page 495~498 of [Turns, 1996].
The flame length for diesel spray combustion was first discussed by Pickett and
Siebers (2001). A brief review on the flame length from gas jet was made, and then the
flame length for diesel combustion was defined as location where the intensity is equal to
50% of the maximum intensity in the time-averaged OH chemiluminescence image,
corresponding to the location where the soot incandescence is no longer detectable. In
addition, the flame lengths determined from the images agreed well with established
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correlation for momentum-driven non-premixed turbulent flames from gas jet theory3. On
the other hand, for simulation purpose, Tree and Svensson (2007) called the flame length
as the length along the axis where the mixture fraction (ratio of fuel mass to mixture
mass) is stoichiometric, which could possibly follow the description in [Turns, 1996].
Note that OH chemiluminescence is believed to occur under high temperature,
stoichiometric combustion conditions, thus these two definitions are actually correlated
with each other.
According to experimental results from typical engine conditions [Pickett and
Siebers, 2001], the flame length always seems to be some distance beyond the
penetration tip and away from the head vortex region. Without consideration of the flame
impingement on the cylinder wall, the diffusion flame region could be considered as
starting from the lift-off length to the spray tip. However, this does not mean the flame
length is not needed in simulation. Rather, the research on flame length for diesel spray
combustion needs further investigation.

2.3.5

Concluding Remarks
It is found that the liquid length defined the maximum penetration of liquid phase

fuel. Siebers’ scaling liquid length law strongly implies that the evaporation process is
dominated by the turbulent mixing of ambient air. One direct result of the mixing-

3

In ref [Pickett and Siebers, 2001], a dimensionless Richardson number (Ri) was used instead of Fr. A

flame is momentum (when Ri is much less than 1) or buoyance controlled (when Fr is much greater than
1).
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controlled evaporation is the insignificance of droplet size to the liquid penetration,
which further excludes the need for an isolated droplet evaporation model based on local
transport process. On the other hand, lift-off length is found to be the most upstream
location of diffusion flame. It is believed that the lift-off length defines the mass of total
air entrained into the spray, which limits the total oxygen amount for premixed
combustion, thus strengthening the relationship between the combustion process and soot
formation. What’s more, flame length is defined as the most downstream location of
diffusion flame, thus the lift-off and flame lengths together define the diffusion flame
region in diesel spray combustion. These length scales will provide substantial
information of the diesel spray combustion processes.

2.4

Review on Some Important Topics

2.4.1

Comparisons between Gas Jet and Diesel Spray Jet
This issue, comparisons between gas jet and diesel spray jet, is raised here due to

a historical reason. As already mentioned in the review of Dec’s model, the earlier
research work on diesel spray is limited, and many theories are directly taken from the
gas jet. For example, the most noticeable theory is the flame-sheet theory, which has been
used in combustion engine society for a long time. The flame-sheet approximation
analysis was from Burke and Schumann’s landmark study on the laminar diffusion flame
structure early in 1928. It is assumed in the approximation that the reaction occurs in an
infinitesimally thin zone around the fuel jet, where air and fuel meet in stoichiometric
proportions [William, 1985; Turns, 1996]. This point is supported by the experiments
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from Dec and Coy (1996). Coincidently, their experiments on OH Planar laser-induced
fluorescence (PLIF) concentrations clearly show that the basic nature of a diffusion flame
in diesel combustion can be treated as a thin flame sheet, too.
In a gas jet, most of the work is done at atmospheric conditions, the normal
temperature and pressure (NTP), which means that the gas jet is isothermal and there is
only a relatively small density difference between the fuel and ambient gas. Nevertheless,
it is a completely different case for diesel spray combustion, which occurs at a high
temperature (as high as 2500 K) and high injection pressure (as high as 120 MPa) in
confined space. Some general differences can be shown in the following aspects:
1) Thermodynamic and transport properties, such as vaporization rate of fuel, viscous
shear stress, thermal boundary layer development, etc., will often change much from
gas jet to fuel jet. For instance, buoyancy effect on a diesel spray jet is believed to be
small due to relatively large density differences between diesel and ambient air, but it
cannot be neglected in a free gas jet.
2) Differences in boundary conditions change the jet structure. For instance, the space in
diesel engine is relatively smaller and confined. In a gas jet, there is usually a long
enough distance for the gas to reach a fully developed pipe flow condition. The flow
conditions at nozzle exit are different. Because of the possibility of cavitation in the
nozzle, the injection momentum can be decreased by 15~29% depending on injection
pressure for a diesel spray jet [Siebers, 1999].
Comparing with free gas jet, these differences in thermodynamic, chemical
properties, boundary conditions show very different behaviors in many respects for diesel
spray jet. Chomiak and Karlsson (1996) found that the lift-off length for a diesel spray
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was much larger than that in a gas jet at NTP. They argued that this difference is caused
by the high injection velocity and small nozzle diameters, which leads to flame stretch
[Chomiak and Karlsson, 1996]. This argument is consistent with several researches, for
instance, experiments at quiescent conditions showed that the lift-off length was longer
than gas jets because of high injection velocity [Siebers et al., 2002]. Dec’s conceptual
model also mentioned that the injection velocity is so high that it causes the flame to
stand off the nozzle exit to allow for significant air entrainment [Dec, 1997].
The air entrainment rates are different from a gas jet to a diesel spray jet. An
entrainment coefficient is usually used to characterize the air entrainment rate. In a steady
gas jet, it is well known that the entrainment coefficient has a square root dependence on
density and linear dependence on the distance to nozzle. Whereas, measurement of
Cossali et al. (1996) has shown that the entrainment coefficient for spray jet has
dependence on density at a power of 0.8 and distances to the nozzle at a power of 0.5.
On the other hand, due to the confined space in diesel spray, a dependence on the
orifice diameter exists comparing with the independence on diameter for free jet. The
effects of confinement on the behaviors of a gas jet in a laminar flame jet have been
investigated by Cha and Chuang (1996). First, the blockage effects due to the nozzle base
reduce the entrainment near the nozzle. The jet then experiences stronger shear with the
base, increasing the turbulent intensity. Second, under their experimental conditions for
jet confinement, lift-off length has a linear dependence on the orifice diameter. The
reason is believed to be due to the diameter effects on the centerline velocity and jet local
diameter, which are crucial for lift-off prediction. Further, Cha and Chuang argued that
though the axial mass conservation is satisfied for the confined jet since the radial
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entrainment is blocked by confinement, the axial momentum conservation is no longer
valid due to the friction at the boundary layer along the confinement. Therefore, the
physics of how the boundary condition changes for the jet configuration during lift-off
still needs more investigation. Coincidently, Siebers’ empirical correlation for lift-off
length in diesel combustion conditions also showed a dependence on orifice diameter, but
to a power of 0.34 [Pickett et al., 2005]. Pickett et al. (2005) estimated that the reason for
this dependence in diesel spray is related to different stabilization mechanism, since there
is no clue of the dependence on diameter from Peters’ scaling law in a free gas jet
[Siebers et al., 2002]. Besides the possible ignition chemistry upstream of the lift-off
[Pickett et al., 2005], it is possibly related to the confinement effects of cylinder walls
based on Cha and Chuang’s analysis, as well as the turbulent nature of diesel combustion.
It is concluded from above analysis that one need to be very careful when taking
the theories based on a free gas jet into the diesel spray jet. The relatively mature theories
from gas jets, nonetheless, can help to show the research directions in diesel spray
combustion, such as the lift-off stabilization mechanism reviewed later.

2.4.2

Air Entrainment
Both the evaporation and combustion processes in diesel engines are mixing

controlled. Therefore, it is of great interests to known the various effects on air
entrainment. The mixing-limited character of a diesel spray jet tells us that treatment on
entrainment and mixing is very critical for accurately modeling the fuel vaporization and
combustion, as well as the emission processes.
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First of all, after the quasi-steady portion, the lift-of length is well formed.
According to Dec (1997), the combustion of products and air will occur in the diffusion
flame, which will dilute the air entrainment. Noting that the standing premixed flame
exist close to the lift-off length, as a result, a air entrained mass into the spray can be
considered to be governed by the lift-off length, therefore the factors affecting lift-off
length will also affect air entrainment. The increase in ambient temperature will increase
the entrained air while the increase of ambient gas density has minimal effects. Increase
in injection pressure and decrease of orifice diameter will enhance the entrained air by
improving the air-fuel mixing rate, but the air entrainment is 4 to 5 times more sensitive
to the change in orifice diameter.
On the other hand, turbulence also affects the mixing process. Specifically, there
are three sources of turbulence in a DI diesel engine: squish, swirl, and injection. Among
them, the turbulent kinetic energy introduced by the fuel injection from high injection
pressure contributes significantly to the turbulence (more than 96%) [Chmela and
Orthaber, 1999]. With the different conditions of injection for spray jet, as mentioned
earlier, the flow conditions in the nozzle will affect the injection momentum. In a
research done in pressurized-atomized non-evaporating sprays, it was found that mixing
was strongly influenced by the degree of flow development at the injector exit and the
breakup regime; fully-developed injector flow and atomization breakup yielded the
fastest mixing rates [Ruff et al., 1988].
Other factors such as vaporization and combustion also affect the air entrainment.
The cooling effects of fuel evaporation will likely reduce the entrainment by reducing the
spray dispersion angle, but the reduction decreases with increasing the density ratio
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[Naber and Siebers, 1996]. Heat release also affects the entrainment. Through
experiments done on a vertical reacting gas jet composed of methane and nitrogen, Han
and Mungal (2001) showed that heat release suppresses entrainment by a factor of
approximately 2.5.

2.4.3

Fuel Vaporization
Since all the fuel in the combustion reaction region is in vapor phase, the

vaporization process should have finished before combustion [Dec, 1997]. The relatively
short liquid length from experiment also supports this point [Siebers, 1998]. Then the
other question that whether the disappearance of liquid fuel droplets is because of the
evaporation (in subcritical conditions) or they reach the supercritical conditions arises4.
This section will aim to address this topic.
As known, under engine combustion conditions, the pressure and ambient
temperature can go beyond the critical points of characteristic diesel surrogates;
therefore, it is believed that fuel vaporization happens at super-critical conditions. While
the research dealing with supercritical vaporization is rather intensive in gas turbine

4

In the super-critical conditions, a species is experiencing a sudden thermodynamic phase change so that

only vapor phase could exist, as such any liquid phase species will go directly to vapor phase. In the supercritical conditions, the latent heat of vaporization is zero, there is not evaporation anymore. The difficulties
with the super-critical vaporization are that the thermodynamic properties of fluids are not established for
high pressures. What’s more, maybe the most critical issue is treatment on the transition of the critical
point, namely the trans-critical process [Yang, 2000].
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combustors (see references Yang, 2000; Bellan, 2000]), corresponding studies in IC
engines are rare but well established.
The scaling law which assumes the saturation state at the liquid length shows that
the liquid fuel is only experiencing subcritical vaporization before liquid length instead of
super-critical vaporization [Siebers, 1999]. Abraham and Givler (1999) observed that the
liquid fuel experiences super-critical evaporation if the ambient temperature and pressure
exceed approximately twice that of the liquid species critical values. This condition is not
likely achieved before combustion. Rather, it is not either satisfied after combustion,
since this would require the liquid fuel droplets to be in the reaction zone, which is
inconsistent with the experiments from Dec [Dec, 1997]. In conclusion, these new
discoveries renew the understanding on the vaporization processes: the super-critical
evaporation cannot happen in diesel combustion conditions, and the liquid vaporization
process is finished before fuel enters the reaction zone.

2.4.4

Relationship between Vaporization and Combustion
The relation between liquid length and lift-off length indicates that if the

evaporation interferes with combustion, then the relationship between vaporization and
combustion can be discussed in light of the characteristics of liquid and lift-off length
[Siebers, 1998; Siebers and Higgins, 2001]. For low ambient temperature and density, the
liquid length is less than lift-off length; therefore the fuel evaporation will complete
before reaching the combustion region. As the gas temperature and density increase, the
lift-off length decreases much faster than liquid length due to different dependencies on
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ambient gas conditions. Then under some critical condition, the lift-off length will be less
than liquid length, leading to interactions between the vaporization and combustion.
While scientists have still not achieved a detailed understanding of this
interaction, this descriptive language here and Figure 2.4 only try to show the overall
relationship between the vaporization and combustion. For the older injection
technologies, for example, the mechanical injection systems, because of low injection
pressure and large orifice diameter (40 MPa and 0.25 mm), the liquid length is expected
to be longer than lift-off length, as seen in the left part of Figure 2.4. On the other hand,
as shown as the right part of Figure 2.4, the lift-off length for the modern injection
conditions (180 MPa and 0.10 mm) is longer than liquid length. It is believed that
modern injection technology is desired since there is more fuel-air mixing as much as
four times as in the old technologies, which is favorable for reducing soot emissions.

Figure 2.4 Comparison between the liquid and lift-off lengths (Adapted from Siebers
and Higgins (2001))
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2.4.5

Lift-off Stabilization Mechanism
The basic issue associated with lift-off length is the flame stabilization

mechanism. In a gas jet, the lift-off stabilization has a rather developed understanding of
underlying physics. A turbulent diffusion flame is believed to stabilize along the
stoichiometric mixture contour at a location where the Damköhler numbers is unity
(which means turbulent flame speed balances the mean downstream convective flow
velocity) [Peters, 2000]. Though there are several theories concerning the stabilization
mechanism, all suggest that flame propagation process play a dominant role in
determining the flame lift-off length for gas jets. As mentioned before, the lift-off length
concept comes from the research in diffusion and partially premixed flames in a free gas
jet. The quiescent ambient condition in a free gas jet means lift-off length is a steady state
concept. For a long time, there was no research work on lift-off in diesel spray due to its
unsteadiness.
The earliest simulation research on lift-off in a diesel spray was done by Chomiak
and Karlsson (1996). They investigated the lift-off stabilization mechanism in n-heptane
sprays for diesel engine-like conditions using turbulence-chemistry interaction model,
which is based on subgrid stirred reactor approximation. The structure of the propagating
front resembles a triple flame with the leading edge at the stoichiometric surface and
combustion occurring both on the lean and the rich sides. Noting that the premixed
conditions prevailed in the flame stabilization zone for large lift-off lengths, they
proposed the validity of an existing premixedness theory. This theory assumes that the
fuel and air along the stoichiometric contour are completely premixed, and the flame
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stabilizes at the location where the local turbulent flame velocity is equal to the local
time-averaged axial velocity.
For a fuel like diesel, a mixture of many long-chain hydrocarbons, fuel volatility,
viscosity and laminar flame speed will have effects on flame stabilization. Pickett et al.
(2005) showed that for large hydrocarbon fuels with nearly identical laminar flame
velocities all have different ignition delays; this fact suggests that factors other than flame
propagation, such as volumetric ignition processes, are important for lift-off stabilization
at diesel conditions. In the experiment, chemiluminescence images showed that the cool
flame, which comes from the ignition, exists well upstream from the lift-off length, even
during the quasi-steady portion, indicating that ignition processes are continuously
occurring from the auto ignition to the second stage combustion. Accordingly, Pickett et
al. (2005) further deduced that there is possibility that the ignition processes could also
have effects on the lift-off stabilization. This deduction from experiment is consistent
with a numerical simulation. Noting that the pressure and reduced temperature can
change lift-off, Chomiak and Karlsson (1996) also argued that the flame stabilization is
linked to low-temperature auto-ignition.
At the same time, noting that the injection history can change the location of autoignition, which may affect the lift-off length much later during injection, Pickett et al.
(2005) conducted a review on injection rate history effects based on simulation work
from Juneja et al. (2004). Three types of fuel injection rate shape were considered. For a
top hat injection rate shape, the igniting region is found downstream of the lift-off length,
and it does not change after ignition for the injection duration. For the reverse-ramping
injection rate shape (ROI 1 in Figure 2.4 in [Juneja et al., 2004]), the igniting region is
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downstream of the lift-off length, but the lift-off length travels towards to nozzle due to
the decrease in injection rate. Results under these two cases are consistent with general
flame lift-off analysis. For the ramping injection rate shape (ROI 2 in Figure 2.4 in
[Juneja et al., 2004]), ignition occurs close to the orifice and, thereafter, the lift-off length
does not change, despite the increase in injection rate. Pickett et al. pointed out that this
reluctance to change is not consistent with flame stabilization theory, since both the
propagation and ignition-based theory in steady flames would predict an increase in liftoff length with increasing injection velocity [Pickett et al., 2005].
To clarify this discrepancy found in [Pickett et al., 2005], Pickett et al. (2009)
further investigated the stabilization mechanism in a constant volume. In the experiment,
they intentionally decouple the auto ignition region and the lift-off by igniting the fuel jet
with the aid of laser-induced plasma in a region upstream of the naturally occurring liftoff length. If the stabilization is supported by flame propagation of the diffusion
combustion, then the turbulence flame speed needs to be higher than the injection speed
so that the diffusion flame can travel upstream, which is impossible5. This point was also
mentioned by Kong et al. (2007). On the other hand, it cannot be driven by ignition
upstream either, since the time scale in this low temperature zone is too short for a flame
to stabilize [Pickett, et al., 2009liftoff]. In conclusion, this research proved that neither

5

The turbulent flame speed for the stoichiometric methane–air mixture under the normal temperature and

pressure (NTP) is measured to be less than 10 m/s; the injection speed for a typical DI diesel engine with
injection pressure of 140MPa is 500~600 m/s.
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flame propagation nor ignition can fully explain the lift-off stabilization mechanism in
diesel combustion. Instead, another possible explanation based on turbulent mixing of
high temperature products is raised. Heat release from ignition sites tends to expand the
jet thereby feeding the hot temperature reservoir to the jet edges. The new mechanism
assumes that fresh reactants approaching the lift-off length position are then mixed with
these high temperature products from ignition, which increase the temperature to auto
ignition temperature to ignite. This mechanism is consistent with experiment that the
flame first occurs at downstream and then travels back upstream by the merging of
isolated ignition island into the flame body [Pickett, et al., 2009liftoff]. The high
temperature and low density gases6 from combustion reaction are known to reduce the
local strain and turbulence level of shear flows, which would tend to stabilize the reaction
zone [Pickett, et al., 2009liftoff]. The high temperature product reservoir then increases
the mixture temperature to ignite in the rich premixed combustion region. However, they
are cautious in eliminating the role that the flame propagation plays in stabilization
because of the experiment finding that an auto ignition spot exists upstream of the flame
front in experiments. In effect, the acknowledgement of the reentrainment of hot
combustion products has existed for a long period, but no one connects it with the
stabilization. In a paper integrating the updated understandings of diesel combustion,
Flynn et al. (1999) made a review on diesel spray combustion. Based on Dec’s conceptual
model from laser diagnostics, they added some incremental analyses using the chemical
kinetics from Lawrence Livermore National Laboratory (LLNL) and empirical

6

Note that the product density is generally less than reactant density due to combustion heating.
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experimental data from Cummins Engine Company. Flynn et al. (1999) states that “these
hot oxidation products (from the diffusion flame sheath) then become available for
aspiration into the entering jet by shear stresses in the zone between 21-30 mm from the
nozzle orifice,” which indicates that “inside the diffusion flame sheath the recirculated
products of partial combustion can be entrained in the jet”.
An up-to-date review paper on the lift-off stabilization of diesel spray combustion
is done by Venugopal and Abraham (2007). Some stabilization theories, such as the
premixedness theory, diffusion flamelet extinction, large scale mixing and flame
propagation theories, generally applied for a free gas jet are examined to seek for the
explanation of the lifted diesel spray combustion stabilization [Venugopal and Abraham,
2007]. Basically all the theories work well with experimental results, therefore matching
the experimental data does not prove that the underlying physics or assumptions are
correct [Pickett, et al., 2009liftoff]. Venugopal and Abraham (2007) deduced that more
than one single theory are needed to fully explain the lift-off stabilization phenomenon in
diesel jets.
Persson et al. (2011) continued the research work on stabilization in the diesel
engines a little further. By adding an ignition enhancer, they investigated only the
chemical ignition delay effects on lift-off. They found only a weak correlation between
ignition delay and the lift-off length. This discovery can be explained by the stabilization
mechanism proposed by [Pickett, et al., 2009liftoff], increasing its validity.
Since this stabilization theory is the most updated one for diesel spray
combustion, a detailed review is warranted. As already mentioned in [Pickett, et al.,
2009liftoff], this turbulent combustion products mixing theory was originally developed
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by Broadwell et al. (1984). The photographs of reacting jet in water, which form the
experimental basis, shows that the vertical motion in the large structures carries fluid
from deep in the jet to the edges; later on, the fluid is reentrained into the jet [Broadwell
et al., 1984]. Further, they proposed that the blowout condition is a competition in time
scale between the mixing and ignition processes. A single parameter, named the critical
value, which is the ratio of the local mixing time and a characteristic chemical time, is
then used as blowout criterion. Comparing with the prevailing trend that the flame
extinction processes are due to interactions of the smaller turbulent eddies of the flow
field, this is an entirely different model, which considered the effects of large scale
mixing processes.
The original work of the reentrainment theory of the hot combustion products by
the large scale structures was mainly intended to explain the blowout behaviors of
turbulent lifted flame instead of lift-off stabilization. By estimating the large-scale mixing
behavior of turbulent flow fields and a theoretical relationship between characteristic
chemical time and laminar flame speed, Broadwell et al. reported a lift-off function, but
its validity was not verified in the paper. This work was reviewed in detail and further
developed to analyze the lift-off stabilization by Pitts (1989). It was observed that the
original lift-off function did not fit experiments well [Pitts, 1989]. Pitts (1989) then
developed another very simple correlation, which was consistent with experimental
results but based on the large scale turbulent mixing ideas from [Broadwell et al., 1984].
This success further proved the validity of large scale mixing theory on turbulent lifted
flame. Again, Pitts (1989) did not ruled out the effects of turbulent flame speeds, which
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was determined by small-scale turbulent structures, on stabilization since the relationship
between the large and small scale were not well determined.
In an experimentation work, Donkerbroek et al. (2011) investigated the relation
between the lift-off length and ignition delay in an optically accessible heavy duty diesel
engine. Following the research fruits on stabilization in gas jet theory and Pickett et al.
(2009) in diesel spray jet in quiescent conditions, Donkerbroek et al. (2011) hypothesis
that, under engine conditions, the balance between the flame speed and the injection
velocity (which is nothing but flame propagation stabilization mechanism) determines an
upper limit of the lift-off length; while the ignition chemistry and flame propagation
together determine a lower limit of the lift-off length once upstream ignition occurs. To
verify this assumption, the effects of auto-ignition on both lift-off and soot production are
examined. Besides diesel, other three types of oxygenated fuel are used in the
experiments, with the cetane number (CN) varying from 21 to 56.2.

2.4.6

End of Injection Behaviors
The behavior between the End of Injection (EOI) until the end of combustion

(EOC) is treated as the EOI analysis. Dec did not discuss this topic in great details in his
conceptual model, and very little research has been done at this time.
Recently, some pioneering research is done on the EOI behaviors. The simulation
research work from Musculus (2009) shows that there is an “entrainment wave” after the
EOI, which leads to an increase of the entrainment of the decreasing jet by a factor of 3.
X-ray experiments from Kastengren and Powell further show that fuel “dribble” exists
after the EOI at low injection pressure up to 70 MPa for the old technology DI diesel
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where the injection pressure is low [Kastengren and Powell, 2010]. Continuing
investigations are encouraged in the future.

2.4.7

Liquid and Lift-off Lengths at Unsteady Conditions
Nearly all the experiments about the liquid and lift-off lengths are done in a

constant volume combustion vessel [Siebers, 1998; Pickett et al., 2009]. Therefore they
are applicable for free liquid jets for which the surrounding environment (i.e. temperature
and pressure) is steady and quiescent. Accordingly, both the theoretical model and
experimental results can only be applicable for free jet without considerations of swirl
(i.e., limited to large bore, low speed heavy duty diesel engines) and wall impingements
(either liquid fuel impingement or flame impingement). For this reason, a review of the
effects of real engine conditions on the behaviors of liquid and lift-off length is needed.
While Siebers’ scaling law works over a wide range of conditions, its applicability
in practical calculation to determine the liquid impingement is still undetermined. Noting
the lack of research on the validity under the unsteady engine conditions, Fisher and
Mueller (2010) investigated the unsteady effects on liquid length by using two fuels: the
heptamethylnonane (HMN) and trimethylpentane (TMP). The experimental results from
an optical engine without firing show some new discoveries of liquid length under
unsteady engine conditions. The agreement between experiment and scaling law shows
that Siebers’ scaling law at steady state can still predict experimental results reasonably
well under unsteady conditions for the duration of injection. The reasons for
discrepancies between Siebers’ model and experiment at the very early and late injection
timings are not due to unsteadiness. Instead, the heat loss and cooling, as well as blow-by,
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which have effects on the cylinder temperature and density, appear to contribute to the
asymmetry of liquid length. But the effects of combustion on the behaviors of liquid
length still are not quantified, so that Siebers’ scaling law is suspicious under reacting
conditions.
Musculus (2003) found that the lift-off behaviors are difficult to quantify under
unsteady and realistic engine conditions by analyzing the effects of several factors on the
lift-off length, including cylinder surfaces, gas flows and the adjacent jets from multi
holes. First of all, the lift-off lengths in the optical engine are shorter than those for
single, isolated jets in quiescent conditions. Compared to multi-hole nozzles, the lift-off
length is increased and soot formation is decreased in single-hole nozzles. Significant
cycle-to-cycle lift-off length variation and flame asymmetry were found in all engine
conditions. The proximity of the fire deck does not have great effects on the asymmetry
of the flame shape. Also, the swirl-induced flame asymmetry is found to be low. As a
result, the proximity of adjacent jets is believed to play a dominant role in explaining the
discrepancies between jet lift-off lengths [Musculus, 2003].
In summary, Siebers’ liquid scaling law can still be used to predict the
instantaneous liquid length in engine conditions, but questionable in combustion and
multiple fuel jets conditions. The lift-off length correlation, on the other hand, cannot be
used to calculate the unsteady lift-off length.

2.5

Summary
In this chapter, the advancements in understanding the diesel spray are reviewed

based on Dec’s conceptual model [Dec, 1997] and Siebers’ research on diesel spray
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structure [Siebers, 1998; Siebers, 1999; Siebers and Higgins, 2001]. Rather than models
adapted from gas jet theory, Dec’s model is developed based on the extensive experiment
results from production-like diesel engine combustion with the aid of optical diagnostics.
The behaviors of liquid, lift-off and flame lengths in a free diesel spray jet under
quiescent conditions are also reviewed. The effects of some parameters on spray angle,
liquid and lift-off lengths are summarized in Table 2.1.

Table 2.1 Different dependencies of spray angle, liquid, and lift-off lengths

Spray Angle

Ambient Gas
Temperature
↑
―

Ambient
Gas Density
↑
↑

Liquid Length

↓

↓

Lift-off
Length

↓

Orifice
Diameter
↑
NA*

Fuel
Temperature7
↑
↑

Injection
Pressure
↑
―

Volatility
↑

―

↓

↑

NA

↑

↓

(Linear)

(Linear)

↑

↑

↓

―

*NA: effects are not available explicitly directly from literature
The general differences and correlations between the free gas jets and diesel spray
jet are reviewed as the first special topic, to provide an overall picture of the differences
between the two. While differences exist, diesel engine society has gained many insights
on diesel spray combustion from the research fruits from the combustion theory for a free
gas jet. The air entrainment analysis is discussed as the second special topic, noting the
fact that both evaporation and the second stage combustion processes are mixing-limited.
Results show that this entrainment is closely related to the lift-off length, which

7

The effect of fuel temperature is not explicit, but follows the fuel density trend. Typically for a

hydrocarbon fuel, its density decreases as temperature increases.
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determines the air mass for the premixed combustion, and hence the soot formation. In
the third, a detailed understanding of the fuel vaporization process is obtained by a
discussion on the possibility on super-critical vaporization. The conclusion is that the fuel
evaporation process is only sub-critical and finished well before combustion begins. The
relationship between evaporation and combustion p is then summarized by the relatively
comparison between liquid and lift-off lengths.
The stabilization mechanism in diesel spray combustion, the most important issue
with lift-off length, is reviewed thoroughly in the next section. The evolution in its
understanding is presented. The most updated stabilization theory for diesel spray
combustion is the hot gases reentrainment theory in light of research work in jet flame,
showing the instructional role of free gas jet theories in diesel spray combustion again.
The understanding of lift-off stabilization, however, in diesel engine seems to still be in
its infancy. The EOI behavior, an active research area in its infancy with limited
understandings, is in need of further investigation. Finally in this chapter, the behaviors
of liquid and lift-off length are extended to unsteady engine conditions. Experiments done
on the liquid length show that Siebers’ scaling law is still applicable even in unsteady
engine conditions. On the other hand, the unsteady conditions have great effects on the
jet-to-jet variations on flame asymmetry, such as the lift-off length.
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CHAPTER III
SUB MODELS DEVELOPMENT

In the diesel combustion simulation, sub models are developed to treat the
physicochemical processes occurring in the combustion chamber. As a result, a quasidimensional phenomenological combustion model that simulates closed cycle diesel
engine operation is developed. The nature of diesel combustion is formed out of various
aspects of previous research. This chapter begins with an introduction to several common
simulation techniques, followed by a brief review of the phenomenological modeling
progresses in diesel spray combustion. The important sub models used in the new
phenomenological model are developed and discussed.

3.1

Introduction
While engine experiments are needed to provide the best details, simulation

research can also be very useful, sometimes even indispensable. For example, in the early
development stage of a new engine, simulation is heavily relied on instead of experiments
on real engines to reduce cost. Nowadays, the improvement of computing hardware such
as computers with large memory and numerical methods makes engine simulation an
effective tool for prediction of engine behaviors.
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There are three types of combustion models in engine simulation depending on
their complexities. The thermodynamic model is used when calculation time is the major
issue. This model does not consider any local or spatial information and is also called
zero-dimensional model. Because only the 1st law of thermodynamics is considered, it
will only give out general crude results with respect to time. The most well-known
thermodynamic model may be the Vibe’s heat release model.
The phenomenological model is introduced when more information is needed.
The central point of a phenomenological model is to grasp the most critical physics,
while neglecting other minor factors; therefore, a sensitivity analysis is needed in most
cases to monitor the ad hoc coefficients to match with experiments. By separating the
cylinder into one zone, two zones, or multi-zones, some local information, for instance,
the properties of each zone can be obtained from the classical thermodynamics, but it still
cannot give full dimensional information as computational fluid dynamics (CFD).
Consequently, it is in this sense that the model is usually called the quasi-dimensional
model. Unlike the thermodynamic simulation, important sub models can be added to deal
with the details of specific issues. For instance, one can incorporate entrainment sub
model to investigate mixture formation process.
The multi-dimensional CFD model is the most comprehensive engine simulation
tool, in which nearly all the important processes occurring in the combustion chamber
can be modeled. Because it provides local information (i.e. velocity, temperature, etc.),
detailed analysis of the flow field (i.e. swirl and turbulence) is possible with spatial and
temporal resolution. For example, KIVA has been developed as the most widely used
CFD program for multidimensional combustion modeling in engines [Amsden, 1999].
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Furthermore, a much more reasonable examination on the combustion process and
emissions can be guaranteed when detailed chemistry mechanisms are coupled [Kong et
al., 2007]. The CFD simulation, however, has a shortcoming of heavy consumption of
computation resources and time.

3.2

Brief Review of the Phenomenological Modeling
The phenomenological modeling of diesel combustion has attracted attention for

its trade-off between efficiency (i.e. the execution time) and accuracy. The focus here is
on the phenomenological models for the diesel engine simulations. In this section, several
representative phenomenological models will be reviewed.

3.2.1

“Old” Phenomenological Models
The pioneering research work in the 1970s from Hiroyasu, which had a profound

and lasting effect on the phenomenological simulations thereafter, marked a new
direction in the conception of the phenomenological model. To predict the concentration
of nitric oxide (NO), soot and other emissions in a direct injection diesel engine, a
mathematical phenomenological model was developed by Hiroyasu and Kadota (1976).
While the details on soot formation are limited, conceptually the soot concentration can
be modeled as the competition between the soot formation and oxidization processes.
Reaction rates, which both consider the primary effects of pressure, temperature and
equivalence ratio, were then expressed by two phenomenological rate equations.
This soot model is still being used today. In an effort to investigate the lift-off
length effects on the soot, Bayer and Foster (2003) used a zero-dimensional soot model,
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which resembled Hiroyasu and Kadota’s model. Bayer and Foster’s simulation results
showed the general trend of soot formation, but bad quantitative prediction of soot mass
at the end of a combustion cycle. This deficiency was believed to come from the
measurement errors [Bayer and Foster, 2003]. In developing a phenomenological engine
model for the DI diesel and gasoline engines, both the original soot and NO models from
Hiroyasu and Kadota were incorporated by Siewert (2007). In addition, a spray tip
penetration correlation from Hiroyasu and Arai (1990) is used. Kong et al. (2007) used a
phenomenological soot model based on Hiroyasu and Kadota’s soot model, too. The only
modification was that their soot model used acetylene as an inception species, which
allowed the soot model to be coupled into the chemistry solver. More recently, in
investigating the fuel effects on the premixed combustion portion of diesel and gasoline
dual fuel combustion, Kokjohn et al. (2009) used an improved soot model based on this
two-rate equation soot model.
In a much more complicated phenomenological model that Hiroyasu et al. (1983)
attempt to capture the general behaviors of diesel combustion, injected fuel mass is
separated into many small packets. Mixing and cross flow between packets are
prohibited. After each packets is distributed a fuel mass upon injection, it first
experiences air entrainment, which is proportional to the decrement in velocity; then
evaporation starts in the droplets surfaces, which have the same Sauter’s Mean Diameter
(SMD) in each packet; Ignition later occurs after an ignition delay (ID) period in each
packet. Using a model like this, heat release rate and emission concentration can be
predicted from the flame temperature, oxygen concentration, fuel burn rate, etc. in each
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packet. As a result, the evolution of the properties of each package, and hence the whole
diesel spray can be tracked with respect to time.
Following this idea, some investigators continued to build other multi-zone
phenomenological models. In a phenomenological simulation of turbocharged DI diesel
engine performance, Jung and Assanis (2001) also developed a multi-zone model based
on Hiroyasu’s packet analysis. Their model accounted for ignition, mixing, premixed and
diffusion combustion, and NO and soot emissions, but with some ameliorations on the
spray penetration, NO formation and heat transfer sub models from [Hiroyasu et al.,
1983]. Their simulation results can predict the heat release and other performances
successfully with a wide range of conditions. However, the NO and soot sub models
needs more investigation, though they can predict the general trends of the perennial NOsoot trade-off. A time step of 1ºcrank angle (CA) is used in their predictions. Another
work using Hiroyasu’s packet analysis can be found in Krishnan (2005). He developed a
quasi-dimensional phenomenological model to analyze performance of the Advanced
(injection) Low Pilot-Ignited Natural Gas (ALPING) combustion engine. The whole
cylinder is separated into an unburned zone, a burned zone, a flame zone and pilot fuel
zones (packets). A standard treatment on the evaporation using the isolated droplet model
and ignition using the Shell auto ignition model was made. Nevertheless, there were
some improvements. A characteristic entrainment time method was used to model air
entrainment in the unburned zone; a turbulence model, including a modified turbulent
flame entrainment rate relation considering the fuel burnout, and a turbulent velocity
correlation related to the turbulent intensity, is incorporated to simulate air entrainment in
flame zone.
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3.2.2

“New” Phenomenological Models
All those aforementioned models are referred as the “old” phenomenological

models in this thesis, since they all implemented the old empirical correlations and
mechanisms from Hiroyasu’s research in the 1980s (although with some minor
modifications). As a result, the “old” phenomenological models have the following
characteristics. Generally, the old empirical correlations from Hiroyasu and Arai (1980)
are completely experiment-based, which hence lacks a theoretical basis. For instance, the
break-up length is believed to be very short or even does not exist in contemporary high
injection pressure direct injection (DI) diesel engines. Also, the spray angle formula has
little dependence on the air entrainment process. Naber and Siebers (1996), however,
developed a penetration law based on mass and momentum balance from jet theory. The
new penetration law has a short time limit and a long time limit. In the transition region,
the spray changes from one dominated by injected fuel to one dominated by entrained air
[Naber and Siebers, 1996]. At the same time, the spray angle is estimated by equating the
density, the mass flux and the momentum flux between the “realistic” and model spray,
which accounts for the relatively large density difference between ambient gas and fuel.
The spray angle is then related to the air entrainment; a larger spray angle means greater
air entrainment and lower penetration rate. In addition, the isolated droplet evaporation
model is very common in “old” models. The successes of the penetration law and liquid
length law, nonetheless, prove the dominating role of turbulent mixing, rather than the
droplet surface transport processes. Consequently, there is no need to develop the droplet
evaporation model since the droplet diameters are small enough.
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As already reviewed in Chapter 2, there were tremendous improvements in
understanding diesel spray combustion in the 1990s with the aid of optical analysis. In
the literature, there are already some attempts and efforts on utilizing these new
discoveries. These works are briefly reviewed here with some comments. One of the
works trying to couple both Dec’s and Siebers’ research outcomes is done by Asay et al.
(2004). They proposed a five zones zero-dimensional model as shown in Figure 3.1. The
model separates the cylinder charge into: the liquid fuel zone (zone 1), the rich premixed
vapor zone (zone 2), the rich premixed products zone (zone 3), the adiabatic flame zone
(zone 4) and the surrounding gas zone (zone 5). A time step of ¼ CA was used in their
simulation.

Figure 3.1 Five zone model proposed by Asay et al. (2004)

There are several points that may need further improvements. At first, the heat
release rate analysis is uncoupled from the zone properties because some kind of
instability was produced in their code [Page 34, Asay, 2003], but we are not aware of
nature of the instability. Second, the temperature in zone 1 was defined as the boiling
temperature of the fuel, which seems unrealistic. Third, in the adiabatic flame zone (zone
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4), its temperature is assumed to be the adiabatic flame temperature of the stoichiometric
mixture, which is reasonable in the quasi steady portion, but debatable in the transient
period. Besides, noting that nearly 85-90% of the chemical energy is released in the
diffusion flame according to the chemical kinetics analysis of [Flynn et al., 1999], that the
zone has “zero” mass is inconsistent, especially when considering the interaction between
the premixed and diffusion combustion and its effects on formation of oxides of nitrogen
(NOx). Fourth, the way to capture the end of injection (EOI) behavior is unknown,
presumably neglected in the original model. Finally, the heat release rate curve does not
agree well with experiments.
Another recent work by Maiboom et al. (2009) attempts to develop a new
phenomenological model based on the mixing-limited theory. In this paper, they
proposed a six zone model as shown in Figure 3.2; the model is composed of a liquid
zone confined by the liquid length, a vapor-phase zone represented by the liquid length
and the lift-off length, a propagating premixed combustion zone, a diffusion combustion
region between the lift-off length and the vapor-phase fuel penetration, a diffusion flame
zone surrounding the spray and the surrounding gas zone.
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Figure 3.2 Six zone model proposed by Maiboom et al. (2009)
Maiboom et al. (2009) used a turbulent flame propagation model, which meant
that the premixed combustion flame was propagating downstream after auto ignition.
This assumption is not reasonable. In their model, the premixed combustion zone can
penetrate as far as the head vortex region. Based on Dec’s model, even if there is flame
propagation, it will extinguish very soon before propagating further downstream, or
otherwise the soot could be oxidized at the head vortex region. The model is only
compared with experiments at the low load conditions. In addition, the lift-off length is
determined as in start of injection timing. However, according to literature review in
Chapter 2, the diesel spray combustion is not steady until the quasi-steady portion. Since
the lift-off length is actually a steady state concept and the experiments of Siebers and
Higgins (2001) and Pickett et al. (2005) were done at the quasi-steady portion, the
treatment on the lift-off length in Maiboom et al. (2009) is questionable. Finally, the
predicted heat release rate curve again does not match the experiments well.
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In summary, these research efforts, though pioneering in the direction of
phenomenological modeling, still need more improvements to make them accurate both
qualitatively and quantitatively. Most recently, based on the Dec’s conceptual model
[Dec, 1997], Baratta et al. (2011) developed a multi zone model as diagnostic tool for
analyzing the combustion and emission processes in both conventional and premixed
charge compression ignition (PCCI) diesel engines. In the model, three zones are present
from start of injection to start of combustion (SOC): liquid fuel zone, mixture zone and
the unburned gas zone. After SOC, the fuel first experience premixed combustion in the
mixture zone and the combustion products are forms the premixed burned gas zone; the
combustion products in this zone then continue oxidization and forms the diffusion
burned gas zone. The diffusion burned zone is further split into several other subzones to
characterize the temperature gradients so as to improve oxides of nitrogen (NOx)
prediction. This simulation is a diagnostic tool and it requires in-cylinder pressure data to
start. The multi-zone model has good estimations on emissions, including carbon oxide
(CO), nitric oxides (NO) and particulate matters (PM).

3.3

Sub Models Development
In the current work, to incorporate new insights from diesel spray combustion into

the phenomenological model, many sub models are added to deal with the details of
diesel spray combustion. For the current case, the most important sub models are the
spray model, ignition delay model, air entrainment model and the combustion model;
these models are illustrated in the following sections.
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3.3.1

Diesel Spray Model
The spray model is generally considered as critical as the combustion model. In

this case, the spray model is composed of several sub models, such as the spray tip
penetration model, the liquid length model and the lift-off length model. The general
diesel surrogate is chosen as the normal heptane (n-heptane) except for some cases. The
reasons are that the n-heptane has a cetane number of 56~60, which is comparable to
diesel, and that the chemical kinetics of n-heptane is already well-known [Chomiak and
Karlsson, 1996].

3.3.1.1 The Spray Penetration Model
The spray tip penetration is also referred as the vapor phase penetration in the
literature. The penetration model here is developed by Naber and Siebers (1996), which
has the expression:
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S
2



S
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 1  16  S

2
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1
 ln 4  S  1  16  S 
16



(3.1)

While Equation (3.1) was developed for non-vaporizing and non-reacting sprays
with a top hat injection rate, it is still used even after combustion occurs for simplicity.
However, one needs to keep in mind that the vaporization could decrease the penetration
by as much as 30% at lower density conditions and combustion could increase the
penetration [Naber and Siebers, 1996] in conjunction with the literature review. In
Equation (3.1), t and S are the dimensionless time and penetration length, respectively.
They are determined by
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t
t  
t
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S

(3.2)

Here, S is the actual penetration length, and t is the time needed to reach this
length. S  and t  are the characteristic length and time, which are determined by
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In these equations, the constant a is set to be 0.66 for the best match of realistic
spray and model spray; d f is the effective diameter commonly used in jet theory;  is
the ratio of ambient gas density ( a ) and liquid fuel density ( f ); d is the orifice
geometric diameter; P is the pressure difference between injection pressure and
cylinder pressure; C a and C v are the area contraction coefficient and the velocity
contraction coefficient, respectively. U f is the fuel injection velocity.  is the actual
outer boundary spray angle. A correlation to determine this measured spray angle is
 
tan / 2  c    a
  f






0.19

59

 0.0043 

f 
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(3.7)

The constant c in equation (3.7) is found to be in the range from 0.255 to 0.276 for
different orifice diameters from 100 to 498 µm in the experiments [Siebers, 1999].
Because Equation (3.1) is not explicit in the penetration length, the following
correlation can be used to calculate the penetration length:
n
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(3.8)

In Equation (3.8), the constant n with a value of 2.2 is suggested.

3.3.1.2 The Liquid Length Model
The liquid length is determined from Siebers’ scaling law [Siebers, 1999], which
can be expressed in the dimensionless form
2
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or in non-dimensional form
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In Equation (3.9) and (3.10), constant b is an arbitrary constant for the best
match between the computation and experimentation results and it is determined to be
0.41. B is a constant and needs to be determined numerically by solving the nonlinear
equation

B 

Z a Ta ,Pa  Ps   Ps  MW f
h T ,P   ha Ts ,Pa  Ps 
 a a a
Z f Ts ,Ps   Pa  Ps   MW a
hf Ts   hf Tf ,Pa 
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(3.11)

Here, Ta , Pa , Z a and MW a are the ambient temperature, pressure, compressibility and
molecular weight of air, respectively. Ts and Ps are the saturation temperature and
pressure for the diesel fuel. Z f and MW f are the compressibility and molecular weight of
the diesel fuel. Details of the techniques used to numerically solve B can be found in
Appendix B. It is interesting to find that B is mostly in the range between 0.25 and 1.2
[Siebers, 1999]. The numerical procedure requires a large data bank of thermodynamic
properties to proceed, including the compressibility, saturation relations and specific
enthalpy, the liquid length is hence different for fuels. Considering the complex mixture
of diesel fuel, it is useful to find its surrogate for liquid length calculation. It is found that
the n-heptadecane is the best surrogate for the diesel liquid length calculation.
Siebers’ scaling law and experiments have proven that the droplet evaporation rate
is so fast due to good atomization that the large scale turbulent mixing process controls
the evaporation process. Therefore there is no need to consider the evaporation of single
droplet. Rather, the evaporation sub model in this phenomenological model is
incorporated in the liquid length model. The fuel is believed to be completely vaporized
at the liquid length, so it is only in vapor phase after the liquid length. Before the liquid
length, the outer boundary is occupied mainly by fuel vapor, while the inner core region
is mostly the liquid fuel.

3.3.1.3 The Lift-off Length Model
The lift-off length is believed to be closely related to the soot formation process,
which defines the amount of air available for the premixed combustion. Summarizing the
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experimental results for single free fuel jet in quiescent conditions Siebers et al. (2002)
generated a correlation based on power law for calculating lift-off length as the following

H  C H 1  Ta3.74  a0.85  d 0.34  U f  Z st1

(3.12)

In Equation (3.12), C H 1 is proportionality constant depending on the specific conditions,
and it is determined for the best match of the lift-off lengths with experiment results. Ta
is the ambient gas temperature, a is the ambient gas density, d is the injector-tip orifice
diameter, U f is the injection velocity, Z st is the stoichiometric mixture fraction of the
fuel, and it is defined as

Z st  1  fS 

1

(3.13)

where fS is the stoichiometric air/fuel ratio. Equation (3.12) is relatively easy for
engineering calculation, which shows that the lift-off length has the greatest dependence
on ambient temperature. Another correlation for the lift-off length [Bayer and Foster,
2003] is

H  0.2  L  C H 

U f  Z st  DT
S
 tan / 2
2
L(st )

(3.14)

where C H is an empirical constant determined for best match with experiments. DT is the
thermal diffusivity of air. S L(st ) is the laminar flame speed under stoichiometry, and it is
determined by

S L  S L ,ref

 T
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(3.15)

Here Tref = 298 K and is the reference temperature; Pref = 1 atm and is the reference
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pressure. S L ,ref is the reference laminar flame speed of the fuel,  and  are specific
coefficients of the fuel, and they are determined by

  2.18  0.8  1

(3.16a)

  0.16  0.22  1

(3.16b)

S L ,ref  B m  B    m 

(3.16c)

2

where m is the equivalence ratio at which S L ,ref is a maximum with value B m . In the
case here, the isooctane was chosen to represent diesel, then m = 1.13; B m =26.3 cm/s;

B  = -84.7 cm/s [Heywood, 1988].

3.3.2

Ignition Delay Model
Ignition delay (ID) is generally considered important in direct injection (DI)

diesel engines since it gives the combustion start timing. Then, in a phenomenological
model, accurate estimation of ignition delay will ensure accurate prediction of the heat
release rate. The period between start of injection (SOI) and start of combustion (SOC) is
refereed as ID in the current model. At this stage, the simple Arrhenius-type ignition
delay correlation is used. Some correlations from Heywood have the general form of

 ign A  P  n  exp(

EA
Ru  T

)

(3.17)

In Equation (3.17),  ign is the instantaneous ignition delay time. E A is an apparent
activation energy for the auto ignition of the fuel, and R u is the universal gas constant. A
and n are the specific constants for the fuel. Note here, both the pressure and temperature
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are the global parameters, so this correlation is only based on the global behavior of the
reacting system (i.e. combustion chamber). Because they are simple, they suffer from the
departure of experiments in many cases. To predict the ignition delay in both steady and
transient conditions, Assanis et al. gave a correlation incorporating the equivalence ratio
with the following form

 ign A  P  n    m exp(

EA
Ru  T

)

(3.18)

where m is another coefficient with equivalence ratio  . Once  ign is found, one
common way to find the cumulative ignition delay timing is to use the Livengood-Wu
integral:
SOI  ID

SOI

 1 


  dt  1
 ign 

(3.19)

One important shortcoming for those correlations listed in Heywood’s book is that
they are designed for high-temperature diesel combustion, in which the physical delay
timing is prominent. Recently, with the outcome of research work on LTC, it is found that
the low-temperature chemical kinetics also play an important role during ignition delay
period. Considering the different circumstances, Hernandez et al. (2010) introduced the
temperature threshold to expand the ignition delay correlations’ availability to low
temperatures. For an ignition delay correlation like:

B
 id A  P  n    m exp( )
T

(3.20)

where A , n , m and B are coefficients dependent upon the temperature 𝑇. Hernandez et
al. (2010) separate the temperature ranges as low temperature, intermediate temperature
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and high temperature. The threshold temperatures between these ranges are determined
by the following correlations:

and

Tl i 

12874.83
19.694  1.07  lnP   0.288  ln 

(3.21a)

Ti  h 

19283.54
22.017  0.961  lnP   0.749  ln 

(3.21b)

Here, Tl i stands for the temperature threshold between the low and intermediate
temperature, Ti  h is the temperature threshold between the intermediate and high
temperature. The coefficients can be found in Table 3.1.

Table 3.1 Coefficients used for different temperature ranges from Hernandez et al.
(2010)
Parameter

Low temperature range

Intermediate temperature range

High temperature range

lnA 

-18.98

0.7156

-21.3

n
m

0.4933

1.5715

0.6101

1.5573

1.2694

0.5203

B

10915.8

-1959

17324.5

3.3.3

Air Entrainment Model
In the “old” phenomenological models, the air entrainment rate is determined

from the momentum balance for each packet, and it is assumed that the momentum of the
packet at the nozzle exit is equal to that at any distance (see Hiroyasu et al., 1983; Jung
and Assanis, 2001). The air entrainment model here is adapted from Siebers’ analysis on


the jet theory. At any axial location, the relationship between the fuel flow rate m f x 
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and air entrainment rate m a x  can be expressed by


m a x 


m f x 



1  16  x
2
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(3.22)



Note that m a x  in Equation (3.22) is the entrained air mass flow rate up to x ,
thus:
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Where t is the time needed for the spray to penetrate from nozzle exit to x after the
SOI. By letting m f ,cum x  

t 

 m f t dt , it is found that
0

m a x 

m f ,cum x 

1  16  x
2

2

1

(3.24)

Where m f ,cum is the cumulative injected fuel up to x , which is also the total fuel in the
diesel spray fuel jet.
Based on Equation (3.22) and (3.24), the equivalence ratio  at any axial location

x can be written as
 x  

2  fs
1  16  x

2

(3.25)

1

Where fs is the stoichiometric air to fuel ratio.
With the assumption that the diesel spray jet is a self-preserving fuel jet with an
outer boundary angle  , the air entrainment mass can be found by
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m a x  



x

0

 m  A x  

fs
 dx
fs   x 

(3.26)

Note again here, m a x  stands for the entrained air mass from nozzle exit to x .

 m is the average spray mixture density from 0 to x , and A is the cross sectional area
determined by

A x     d f  x  tan / 2

2

(3.27)

where d f is the effective orifice diameter,  is the spray angle, as mentioned earlier. In a
typical phenomenological model, the geometry information is not taken into account. For
the case here, however, some geometry is used.
The correlation in Equation (3.26) has also been used in [Maiboom et al., 2009].
However in this article, the ambient gas density a , but not the average spray mixture
density  m , is used without stating any reasons. Based on current simulation experience,

 m and a are quite different before combustion for the spray jet, typically an order of
magnitude. Toward the end of ID,  m is approaching a , but they are still not identical,
so the conclusion here is that they are not equivalent to each other.
At the same time, even a is chosen, the air entrainment rate sometimes become
negative, which is not wanted for the current phenomenological model. To overcome this
problem, we use directly the results from Siebers’ spray model as in Equation (3.22):


m a x 
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2

1

(3.22)

With the fuel injection profile in hand, the total air entrainment rate from nozzle
exit ( x =0) to x can be determined directly using this correlation. It is important to
notice that from this equation the air entrainment rate is highly related to the fuel
injection rate. In addition, combustion effects on air entrainment should be considered.
Han and Mungal (2001) showed that heat release suppresses entrainment by a factor of
approximately 2.5. Therefore, a model parameter, named suppression factor, is used to
mimic the reduction in air entrainment after ignition delay.
On the other hand, in the near field region of the nozzle, because of the existence
of the dense liquid, ideal gas law is not applicable for the two phase flow problem. While
it is possible to have a more detailed treatment on the multiphase flow problem, it is not
suitable for a phenomenological model because of its complexity. Instead, 𝜌𝑚 is
determined by assuming thermodynamic equilibrium between the two phases as like [Iyer
et al., 2000]. From phase equilibrium, it can be found that

Y f ,v 

1
P
 MW a
1  
 1 
 Ps
 MW f

Ps T   P  X f ,v

(3.28a)

(3.28b)

where Y f ,v and X f ,v indicated the mass and molar fraction of fuel vapor in the vapor
phase. Ps T  is the saturation pressure of the fuel at temperature T , P is the total
pressure, and MW a and MW f are the molecular weight of the ambient air and fuel,
respectively.
For this two-phase system, by assuming incompressible liquid, the mixture
density  m can be written as
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Yf ,l T  R u  Yf ,v
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MW a 
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(3.29)

where l is the liquid fuel density, Y f ,l , Y f ,v and Y a are the liquid fuel mass fraction,
fuel vapor mass fraction and air mass fraction of the mixture, respectively. Changing the
mass base from the total vapor mass in Equation (3. 28) to the total mixture mass in
Equation (3. 29) is necessary.

3.3.4

Combustion Model
As known from Dec’s model [Dec, 1997], there are two types of combustion in

diesel spray combustion: diffusion combustion in the periphery and premixed combustion
in the central region. Two existing models are used to represent their behaviors.

3.3.4.1 The Diffusion Combustion Model
A modified turbulence model based on the classical k- model is used in heat
release rate calculation during the mixing-controlled combustion period in a Direct
Injection (DI) engine. This zero-dimensional approach was developed by Chmela and
Orthaber (1999). The method is built on the assumption that in a diesel engine, the rate of
fuel oxidation is determined by the rate of mixing of fuel vapor and air, and thus by the
local intensity of turbulent kinetic energy [Chmela and Orthaber, 1999]. This assumption
is reasonable in the second stage of diesel combustion, which is generally considered as
mixing-controlled combustion, but this methodology is still employed for the whole
combustion event for simplicity. This practical method has been used in the modeling
work of Maiboom et al. (2009).
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Noting that the heat release rate is proportional to the fuel quantity available and
local intensity of turbulent kinetic energy, Chmela and Orthaber (1999) proposed the
following correlation for heat release rate:

dQ
 C Model  f1 m f ,Q   f2 k ,V 
d

(3.30)

Here f1 is a function showing the fuel available for combustion, f2 is a function of air
entrainment and mixing rate,  is the crank angle, C Model is a model constant, m f is the
fuel injected up to this time, Q is the cumulative heat release from diffusion combustion,
and V is the instantaneous cylinder volume, f1 and f2 are determined by

f1 m f ,Q   m f 

Q
LHV





f2 k ,V   expC Rate 

k
3
V

(3.31a)






(3.31b)

Here, LHV is the lower heating value of diesel, and C Rate is the model constant
for the mixing rate function f2 . The intensity of the turbulent kinetic energy, k , is
determined by using the energy conservation:

dE Inj dE Diss
dE Kin


d
d
d
where

(3.32)

dE
dE Kin
is the turbulent kinetic energy change rate in cylinder, Inj is the turbulent
d
d

kinetic energy generation rate from fuel injection, and

turbulent kinetic energy.

dE Diss
is the dissipation rate of the
d

dE Inj
dE
and Diss can be determined by
d
d
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(3.33a)

(3.33b)

In Equation (3.33), n is the engine speed, C d is the discharge coefficient for the
orifice, Ad is the nozzle area, f is the injected fuel density,

dm f
is the instantaneous
d

fuel injection rate, C Turb is a constant for turbulence generation indicating the efficiency
of converting the injection energy to turbulent kinetic energy. It is chosen to be 0.2. C Diss
is the dissipation constant, and it is 0.01. E Kin is equal to zero initially. Is then determined
using

k 

E Kin
m mixture

(3.34)

where m mixture stands for the mixture mass in diffusion combustion, including air and
fuel. It is determined by

m mixture  m a  m f  m f  1  Diff  fs 

(3.35)

where Diff is the air excess ratio in diffusion flame, and it is chosen to be 1.4.

3.3.4.2 The Premixed Combustion Model
After ignition delay (ID), the diesel vapor mixture accumulated in the packet
during the ID period or preparing process starts to burn. The simplest model is to assume
that fuel and air burns stoichiometrically according to the following single-step global
chemical reaction mechanism:
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C x H y  O 2  CO 2  H 2O

(3.36)

where the reaction rate [Turns, 1996] is:

d C x H y 
 E 
m
n
 Ap  exp  a   C x H y   O 2 
dt
 R uT 

(3.37)

In Equation (3.37), C x H y is the fuel; t is the time scale in second; the square
bracket refers to molar concentrations for the fuel and the oxygen; Ap is the preexponential factor; E a is the activation energy; m and n are the specific parameters for
the fuel. The heat release rate can then be determined by timing the fuel burn rate with
the lower heating value of the fuel.
In the above single step mechanism, the fuel is assumed to be completely burned
and the products are CO 2 and H 2O . Because of this simple treatment, it suffers from over
estimations of the heat release rate and the flame temperature [Westbrook and Dryer,
1981]. Multistep global reaction mechanisms can be used for better simulation, but with
increasing complexities. As a compromise, the two step reaction mechanism is used. The
two step mechanism accounts for incomplete oxidation of CO and includes the sequential
nature of the hydrocarbon oxidation. It assumes the reaction occurs like:

x
y
y
C x H y    O 2  xCO  H 2O
4
2
2

C0 

1

2

O 2  CO 2

(3.38)
(3.39)

For n-heptane, the reaction rate of (3.38) is determined using the constants in
Table 3.2.
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Table 3.2 Parameters used for n-heptane, obtained from Westbrook and Dryer (1981)
fuel

Pre-exponential factor
𝐴𝑝

Activation Energy
𝐸𝑎 (kcal/gmol)

m

n

C 7H 16

6.3  1011

30

0.25

1.5

The reaction rate of (3.39) is determined from [Westbrook and Dryer, 1981]:

  40 
1
0.5
0.25
  CO   H 2O   O 2 
R T 

K (3.39)  1014.6  exp

(3.40)

  

Considering the CO / CO 2 equilibrium, the reaction rate of the reverse reaction
of (3.39) is:

K (3.39)  5  108  exp(

 40
1
)  H 2O 
R T

Here the universal gas constant R has unit: kJ/(kgmol∙K).
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(3.41)

CHAPTER IV
ZONES DEVELOPMENT

Since the overall phenomenological simulation is closely related to the volumetric
and thermodynamic properties in various zones, it is critical to understand the
development of various zones in the phenomenological model. This understanding is
further completed by considering the different behaviors of diesel spray jet in both
transient and quasi steady periods. This chapter begins with model conception, which
discusses the major assumptions used in the model, followed by a simulation treatment
on the fuel injection rate history. The subsequent sections discuss the zone development
during diesel combustion events.

4.1

Model Conception
A new multi-zone quasi-dimensional phenomenological combustion model is

developed. It models diesel spray combustion starting from the intake valve closure
(IVC) timing to the end of injection (EOI) timing. The initial conditions for the cycle
simulation are determined from the experiments, which were corrected to account for the
heat losses to the cylinder head during the intake processes before entering the cylinder.
Depending on the stage of diesel combustion, the cylinder contents are divided into
different zones. Consistent with the treatments in Dec’s conceptual model (mentioned
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earlier in the literature review), the whole diesel combustion process is separated into: the
ignition delay (ID) period, the first (1st) stage combustion and the second (2nd) stage
combustion. In the 2nd stage combustion, the analyses include the quasi steady portion,
which forms at the end of 1st stage combustion and continues until the EOI. A schematic
figure showing the evolution of the various zones is in Figure 4.1. Some key assumptions
for the model are listed below:
1) Crevice flows are neglected; therefore, the entire cylinder’s contents are treated as a
closed system present within the combustion chamber.
2) Each zone is treated as a thermodynamic system following the ideal gas law except for
the liquid zone, in which liquid phase fuel could exist.
3) Spatial variations of the instantaneous cylinder pressure are negligible.
4) Heat transfer occurs only between each zone and the cylinder walls.
5) End of combustion is attained when the unburned zone mass becomes very small (less
than 0.001 percent of its initial value) or more than 99.9 percent of the total entrained
mass in the combustion zone has been burned.
6) By assuming symmetry for the jets, each jet is identical to each other in their
behaviors. As a result, only one jet with the associated cylinder volume is considered
for simplicity; any jet-to-jet interactions are then neglected.
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Figure 4.1 Evolution of various zones in different combustion stages
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4

4.2

Fuel Injection Rate Profile
Because no data is available on the instantaneous injection pressure at this time,

the actual injection rate cannot be determined from the experiment. According to [Dec
1997], however, the quasi steady portion of diesel combustion can be related to the fuel
injection rate, during which the injection kinetic energy is solely used to entrain the
ambient air. Based on this thought, we are correlating the quasi steady with the fuel

Fuel injection rate (kg/CA)

injection rate history.

SOI

EOC1

EOI

θ (CA)

Figure 4.2 Proposed fuel injection rate history for simulations
The fuel injection rate history is assumed to have a typical top-hat shape, with an
initial ramping up after SOI, then a quasi-steady period, followed by ramping down to the
end of injection (EOI), as shown in Figure 4.2. The beginning of the quasi steady portion
of diesel spray combustion is indicated by the end of first stage combustion (EOC1)
timing as shown. The EOC1 is treated as a model parameter and it may need
modifications depending on working conditions. As previously known, at low load
conditions the EOC1 occurs very close to the EOI. On the other hand, at high load
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conditions, EOC1 is believed to occur at the midway point of the injection duration. The
fuel injection rate, based on Figure 4.2, can be written as below:





m f     EOI


 EOI



m
 EOC 1


m
 EOC 1

   SOI 
(4.1)

 EOI   

A simple integration will give:


m 

mD
EOC 1  SOI

(4.2)

where m D is the total injected fuel in a cycle, which can be determined from experiment.

4.3

Ignition Delay Period
During the ignition delay (ID) period, two zones are used. The cylinder charge is

separated into the ambient gas zone and the diesel spray zone, as shown in Figure 4.3.
The exact point of auto ignition is not well defined, but experiments show that it starts
along the sides of jet, and then later in the multiple points of the leading portion [Dec
1997].

1
1: Ambient gas zone
2: Diesel spray zone

2

Figure 4.3 Zone descriptions during the ID period
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The auto ignition mechanism is hence not modeled here from simplicity, but
coupled into the two zone model. The general properties for each zone in this period are
summarized in Table 4.1. A more detailed analysis about the balance equations are in
Appendix C. 2.

Table 4.1 Zone Properties during ID period

4.4

Index

Zone name

1

Ambient gas zone

2

Diesel spray zone

Properties
(1)
(2)
(1)
(2)

Composed of air and EGR if available.
Only experience heat transfer to cylinder walls.
Composed of liquid fuel, fuel vapor, and air.
Only experience heat transfer to cylinder walls.

First Stage Combustion
Immediately after the ignition delay, rich premixed combustion, which is named

the initial premixed burn, is believed to occur in the leading portion of the spray some
distance downstream of the liquid length to the spray tip [Dec, 1997].The initial premixed
burn can be treated as occurring nearly volumetrically. Very soon, a diffusion flame is
found along the periphery of the spray and then envelops the spray quickly8. Figure 4.4
describes the various zones in the 1st stage combustion period.

8

According to [Dec, 1997], the diffusion flame starts 0.5 CA (70µs) after the ID, and then it extends

around the leading portion. Within 1 CA, the diffusion flame totally surrounds the jet.
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Figure 4.4 Zone descriptions during the 1st stage combustion period
In this stage, the diesel spray jet is further divided into several zones. The zone
starting from the orifice exit to the S ign is named the liquid zone (Zone 2) here, since the
liquid core is within this zone. The diffusion flame and premixed combustion region are
divided into many packets. A detailed discussion on the diffusion combustion and
premixed combustion are in the following sections. After the SOC timing, the second
premixed burn packet begins to form, but it does not belong to the premixed combustion
region until its total mass is equal to that of the first premixed burn packet; therefore, it is
called the preparing zone. Table 4.2 shows the general properties of various zones.
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Table 4.2 Zone properties during 1st stage combustion period
Index

4.4.1

Zone Name

1

Ambient gas zone

2

Liquid zone

3

Premixed combustion
zone

4

Diffusion combustion
zone

P

Preparing zone

(1)
(2)
(1)
(2)
(3)

Properties
Composed of air and EGR if available.
Only experience heat transfer to cylinder walls.
Composed of liquid fuel, fuel vapor, and air.
Only experience heat transfer to cylinder walls.
Starts from the nozzle exit to S ign .

(1) Composed of premixed combustion packets.
(2) Each packet only experiences mass transfer with the
corresponding diffusion flame packet.
(1) Composed of diffusion combustion packets.
(2) Each packet experiences mass transfer with the
corresponding premixed combustion packet and the
ambient gas zone.
(3) Starts from S ign to the tip
(1) Composed of fuel vapor, air and combustion products
from diffusion flame around.
(2) Exists between S ign and the premixed combustion
zone.

Diffusion Combustion
In this stage, before quasi steady portion, because of instability and uncertainty of

the flame behaviors, the diffusion flame at the periphery is difficult to analyze. This fact
is shown at least in two aspects. First, the diffusion flame region is geometrically
unknown. The exact location where the diffusion flame starts is also unknown, other than
that it starts from multiple points along the side of jet since the time scale for its starting
from one single point and spreading to the whole jet is too long [Dec and Coy, 1996].
The formation of the diffusion flame is therefore assumed to be at the ID timing. Second,
there is always some inhomogeneity on the equivalence ratio in the reacting region. It is
assumed here that the diffusion flame packets share the same equivalence ratio of the
diffusion flame, which is an input parameter. In this case, it is then assumed that the
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diffusion flame is anchored at the most upstream point 𝑆𝑖𝑔𝑛 . At the same time, noting that
the flame length in diesel combustion is seemingly always far beyond the penetration tip;
it is simplified here the diffusion flame region is limited by the penetration tip9.
Because of the unknown behavior of diffusion flame, its most upstream location,
namely the instantaneous lift-off, is hard to determine for every time step in this stage. It
is assumed here that the most upstream location is anchored at 𝑆𝑖𝑔𝑛 . The most
downstream location is determined by the flame length. As determined from reviewing
the literature, the flame length is speculated to be always far beyond the spray tip;
therefore, the most downstream of the diffusion flame is assumed to be the penetration
tip. Accordingly, the diffusion flame region is divided into some packets, which correlate
with the premixed combustion packets. For these thin diffusion flame packets, air
entrainment is assumed to be same as that before SOC. Then, the correlations from
Siebers (i.e. Equation (3.1) and Equation (3.26)) can be used even for the reacting region.
The fuel for the diffusion combustion comes from the associated premixed packet
through mass transfer. The fuel and air is then assumed to react completely, and the
diffusion packet is composed only of the combustion products and excess air.
According to the concept in combustion theory for a free jet, the diffusion flame
region is limited by the equivalence ratio where it is the unity. Asay et al. (2004) used this
concept. They mentioned that the diffusion flame can only penetrate to the location where
equivalence ratio there is one. For simplicity, they used Siebers’ correlation as in

9

Note here that we cannot use the Siebers’ correlation on equivalence ratio (i.e. Equation (3.25)) to find the

flame length, since the combustion has already started.
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Equation (3.25). Based on the review on flame length in Chapter 2, it is evident that a
mature theory on the flame length is still in infancy. Therefore in the current work, flame
length is not taken into account in the phenomenological model. Doing like this means
that we made a assumption here that the diffusion flame can penetrate to the jet tip.

4.4.2

Premixed Combustion
There are some assumptions for simplicity. At first, the upper boundary of the

premixed burn region is assumed to be anchored at start of combustion timing (SOC)
until the end of injection timing (EOI). The lower boundary expands with the penetration
tip. Second, the initial premixed burn occurs at the head vortex region with an
equivalence ratio between 2 and 4 [Dec, 1997]. At the SOC timing, therefore, the first
premixed burn packet is then determined, assuming that it is occupied by a combustible
mixture of fuel vapor and air with an equivalence ratio between 2 and 4.
The premixed combustion region is also divided into some packets here
corresponding to the diffusion flame packets. For these packets, due to the existence of
the diffusion flame in periphery, the entrainment process is affected. From Heywood
(1988) and Dec (1997), the entrained matter is not solely fresh air but probably diluted air
with combustion products from diffusion flame; therefore, the premixed combustion
packet is composed of combustion products, air and fuel. It is also believed that the
diffusion flame will consume most of the air before it enters into the premixed
combustion packets.
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As for the preparing zone, when its total mass is equal to that of the first premixed
combustion packet, this zone will become a new premixed combustion zone. Therefore,
at any time there will be only one preparing zone.

4.4.3

Mass Transfer between Diffusion and Premixed Combustion Packets
According to Dec’s conceptual model, the diesel spray combustion is composed

of the premixed combustion and the diffusion flame sheath; the fuel first undergoes rich
partially premixed combustion and then diffusion combustion. Also note that, from the
updated lift-off stabilization mechanism, the high temperature combustion products of the
diffusion flame can then be aspirated back into the spray with fresh mixture. The
reentrainment tends to increase the mixture temperature; consequently ignition could
occur before the mixture enters into premixed flame. It then appears that the diffusion
flame has great effects on the behaviors of premixed combustion, as like that on the soot
formation process. Therefore, analyses on the interactions between the diffusion flame
and premixed combustion is inevitable, and it is not reasonable to separate them.
While details of the interaction are unknown due to the challenge of turbulent
combustion and flame dynamics, for simplicity, the underlying physics on mass transfer
can be speculated as such: the fuel in diffusion flame comes from the premixed
combustion packet by turbulent mixing. It then reacts with the entrained air completely.
A portion of the combustion products, as well as the excess air, are then transported back
to the premixed combustion packet. Based on this appraisal, a phenomenological mass
transfer model inspired by Maiboom et al. (2009) can be proposed. This model is further
schematically illustrated in Figure 4.5.
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𝑑𝑚𝑎,𝑒𝑛𝑡𝑟,𝑖
𝑑(𝑚4−3 )𝑖
𝑑𝑚𝑓,𝑏,𝑑𝑖𝑓𝑓,𝑖

3.i

Figure 4.5 Hypothetical mass transfer process between the diffusion and premixed
combustion packets
In Figure 4.5, 3.i indicates the ith packet in the premixed combustion zone (Zone
3). Similarly, 4.i indicates the corresponding ith packet in the diffusion combustion zone
(Zone 4). To consider the mass transfer, currently it is supposed to contain two parts: air
and combustion products. Therefore,

dm 4  3
can be determined as:
d

dm 
dm 
dm 4  3
  a
  p
d
 d diff  prem  d diff  prem

(4.4)

dm 
dm 
Here,  a 
and  p 
stand for the mass transfer of the fresh air and
 d diff  prem
 d diff  prem
combustion products from the diffusion flame packet to the premixed combustion packet,
respectively. They are determined by

and

dm

dm
dm a 
 x a ,diff,prem   a ,entr,4  4  fs  f ,b ,diff,4 
 d 
d

diff  prem
 d


(4.5a)

dm p 
dm
 x p ,diff,prem  1  4  fs   f ,b ,diff,4


d
 d diff  prem

(4.5b)
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where 4 is the air excess ratio; x a ,diff,prem and x p ,diff,prem are the modeling parameters
which determine how much of the air or fuel will be transferred out of the diffusion flame
packet.

4.5

Quasi Steady Portion
As mentioned in the literature review, in the quasi steady portion, diesel spray

combustion becomes relatively steady due to a fully developed head vortex region and
the steady ambient conditions. This fact results in two lifted flames in the turbulent diesel
spray combustion. One is the lifted diffusion flame in the jet periphery, which is
identified by the lift-off length and the flame length. After the initial premixed burn, the
partially premixed combustion is speculated to occur inside the diesel spray. The other
one is therefore the lifted partially rich premixed flame, which is named “standing
premixed flame” in Dec’s conceptual model as reviewed in Chapter 2, at some distances
downstream of the lift-off length. Because the diffusion flame sheath keeps the oxygen
from entering inside the jet, the premixed flame does not propagate further downstream
before it extinguishes. The period starting from the EOC1 to the EOI in the second stage
combustion is referred as the quasi steady period [Dec, 1997]. In this quasi steady
portion, the diesel spray jet preserves the general features of a free gas jet.
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Figure 4.6 Zones descriptions of the during quasi steady portion
The various zones developed in this portion during the 2nd stage combustion are
schematically represented in Figure 4.6. The zone distribution relies heavily on Dec’s
conceptual model, which is shown in several aspects. First, because of the steadiness of
spray jet, the lift-off length concept is introduced, which is the most upstream of the
diffusion flame. According to the literature, the diffusion flame is believed to occur
nearly stoichiometrically [Dec, 1997; Heywood, 1988]. Second, the premixed
combustion packets enable investigation on the rich premixed flame. The earlier formed
premixed combustion packet finally burns out its fuel, so only some recent new packets
have the ability for premixed combustion, which is consistent with the “standing
premixed flame” analyses. In addition, this treatment is also beneficial for analyzing the
EOI behaviors. General properties of each zone are tabulated in Table 4.3.
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Table 4.3 Zone Properties during Quasi Steady Period
Index

Zone name

1

Ambient gas zone
Liquid zone

2

Premixed
combustion zone

3

4

5

Properties
1)
2)
1)
2)
3)
1)
2)

Diffusion
combustion zone

1)
2)

Mixing zone

3)
1)

Preparing zone

2)
1)

6(P)

2)

4.6

Composed of air and EGR if available.
Only experience heat transfer to cylinder walls.
Composed of liquid fuel, fuel vapor, and air.
Only experience heat transfer to cylinder walls.
Starts from the nozzle exit to the lift-off length
Composed of premixed combustion packets.
Each packet only experiences mass transfer with the
corresponding diffusion flame packet.
Composed of diffusion combustion packets.
Each packet experiences mass transfer with the
corresponding premixed combustion packet and the
ambient gas zone.
Starts from the lift-off length to the tip
It is a stoichiometric diffusion flame sheath around the
spray.
It starts from the lift-off length to the penetration tip.
Composed of fuel vapor, air and combustion products
from diffusion flame around.
Exists between 𝑆𝑖𝑔𝑛 and the premixed combustion
zone.

Solution Procedures
First, the masses of all zones are calculated from the mass conservation equations

along with appropriate sub-models for air entrainment and mass transfer. Then the energy
conservation equations for all the zones are solved using the Double precision Variablecoefficient Ordinary Differential Equations solver (DVODE) [Brown et al. 1988] to
determine zone temperatures. Once the zone temperatures are evaluated, the average
cylinder temperature is determined from the following equation：

Tavg 

i m i  C vi  Ti
i m i  C vi
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(4.6)

where m i is the mass, C vi the specific heat at constant volume, and Ti the temperature of
zone i. The summation is taken over all zones present in the cylinder. Instantaneous
cylinder pressure is determined using the average cylinder temperature, instantaneous
cylinder volume, and the ideal gas relation for the overall cylinder contents. The nominal
computational time step during compression is 1 degree (at least 2 ms) and after start of
injection, the time step is reduced to 0.03125 degrees (at least 0.05 ms).
The overall sequence of execution of the simulation and the important processes
are illustrated as a flowchart in Figure 4.7. The program is written in Fortran language.
The simulation can be considered as four main steps: preliminary calculation,
compression stroke (until the start of injection), detailed modeling of the combustion
processes in diffusion and premixed packets, and the calculation of temperatures in each
zone. Mass balance, energy balance, and ideal gas equations are solved throughout the
simulation to obtain the mass, temperature, and volume of all zones (except for the liquid
zone) at any crank angle and the instantaneous cylinder pressure and average temperature
are also calculated. The various thermodynamic properties, such as constant pressure
specific heat and specific enthalpy, of each species are calculated from Joint-Army-NavyAir Force (JANAF) thermochemical tables. An individual program is also developed for
quick search of the coefficients to calculate thermodynamic properties.
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Figure 4.7 Flow chart illustrating the sub models and sequence of execution
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CHAPTER V
RESULTS AND DISCUSSION

Phenomenological simulation results are presented and discussed in this chapter.
Results from the sub models are first discussed. A confidence is then built on the accurate
prediction from these sub models. Based on these preliminary results, further analyses are
made on the zone temperatures predicted by the phenomenological model, which
combines all these sub models.

5.1

The Spray Model Results
The spray model consists of penetration, liquid length and lift-off length models.

First of all, these models are compared with the well-established experiment data in order
to prove that they are correctly coded. The experiment data bank is received from the
Engine Combustion Network (ECN) [ECN] developed by Sandia National Laboratories.

5.1.1

Spray Tip Penetration
The adapted penetration model is developed by Naber and Siebers (1996). Noting

the fact that the following consecutive research activities from Siebers [c.f. Siebers, 1999,
Siebers and Higgins, 2001, etc.] are based on this penetration law, a full understanding of
the model development is needed like that for Dec’s model. As mentioned in the literature
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review, Siebers’ penetration law is based on the work of Wakuri et al. (1960). In the
current work, a comparative analysis between Siebers’ penetration law and Wakuri’s
model is made here for a better understanding.
Details of the derivations can be found in Appendix A. Table 5.1 (replicated from
Table A.1) summarizes the different results from Siebers’ and Wakuri’s analyses. Note
that all the variables have the same meanings as those reviewed in Chapter 3. As found in
Appendix A, the only difference between these two models is that the fuel flow area is
neglected in Siebers’ analysis. Some comparisons are made to determine the effects of
neglecting/including fuel flow area.

Table 5.1 Comparisons between Wakuri’s and Siebers’ Analyses
Properties

Wakuri’s Analysis(m=1)
(From Appendix A)

Siebers’ analysis (m=0)
(From [Naber and Siebers,
1996])
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In the following plots, m  0 indicates Siebers’ analysis that neglects the fuel
flow area; while m  1 indicates Wakuri’s analysis that does not. Under typical diesel
engine conditions, the density ratio σ between the fuel and the ambient air after injection
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is between 30 and 70, so only these two extreme cases are shown in the these figures. It is
easily determined from Figures 5.1 and 5.2 that neglecting fuel flow area does not affect
the velocity or the spray penetration profiles. This point is also mentioned by Naber and
Siebers (1996). In their paper, the authors argued that maintaining the fuel flow area will
not affect the results, as can be seen here; however, the calculation complexity increases
probably because of the relatively complicated correlations, which is the reason why they
neglects it.
Another observation from these two figures is that the density ratio does not have
visible impacts on the dimensionless penetration. Nonetheless, it does not mean that the
density ratio does not affect the (dimensional) spray penetration. In fact, for a higher
density ratio (i.e. larger ambient gas density or smaller fuel density), the spray angle is
greater; this tends to increase the air entrainment, thus resulting in a faster deceleration of
the spray jet; as a result, the penetration is slower.
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Figure 5.1 Comparison between Siebers’ and Wakuri’s analyses on the velocity profile
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Figure 5.2 Comparison between Siebers’ and Wakuri’s analyses on the penetration
From Figure 5.3, the difference on the equivalence ratio profiles is easily noticed.
The stoichiometric air/fuel ratio is assumed to be 15 for diesel fuel. First, it is observed
that the density ratio influences are negligible. Second and more importantly, the
equivalence ratio profiles are different depending on the fuel flow area. In the current
case, the equivalence ratio curve neglecting fuel flow area effects is as much as twice as
those considering the effects. Comparing with Equation (A.12) to Equation (C32) in
[Naber and Siebers, 1996], it is found that the fuel mass flow rate is actually increased if
neglecting the fuel flow area (when 𝑚=0), which tends to decrease the actual air fuel
mass ratio, so the equivalence ratio increases by nearly twice. Based on current results,
the effect of fuel flow area seems to be overlooked by Naber and Siebers.
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Figure 5.3 Comparison between Siebers’ and Wakuri’s analyses on the equivalence ratio
Summarizing, two conclusions can be made based on these analyses. On the one
hand, the spray penetration model is verified. On the other hand, the effects of fuel flow
area on equivalence ratio are greater than those on spray penetration and velocity; the
predicted equivalence ratios differ by a factor of nearly two. In the current simulation, we
choose to follow the suggestions of Naber and Siebers (1996) to neglect the fuel flow
area. This is mainly because the phenomenological model is still under development and
we are not aware of its effects on the overall simulation. In the future when the whole
model is developed, the effects of neglecting the fuel flow area will be justified.

5.1.2

The Liquid Length
The liquid length model using Siebers’ scaling law is verified by comparing with

the experiments done in SNL. The experiments were done in a constant volume
combustion chamber at temperatures ranging from 700 to 1300K and densities ranging
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from 3.6 to 59 kg/m3. The experiment data can be found in engine combustion network
website (ECN). Only some general trends are discussed, more detailed analysis of the
physics behind these discoveries can be found in [Siebers, 1999].
In Figures 5.4 to 5.6, the symbols are measured data from ECN and the
continuous lines are predictive values by using the scaling law. The orifice pressure drop,
orifice diameter, the fuel temperature are 136MPa, 0.246mm and 436K, respectively. The
light gray area represents typical top dead center (TDC) gas temperatures and densities in
light- and heavy-duty direct injection (DI) diesels. It is found that from these figures that
the scaling law results match the experimental results similar to those obtained by Siebers
(1999) over a wide range of conditions. First, the liquid length increases as gas density
and temperature decreases, as illustrated by Figures 5.4 and 5.5. The scaling law can
predict the strong effects of temperature and density on the liquid length, especially when
noting the close match in the TDC temperature and density conditions for typical light
and high duty DI diesel engines. Huge disagreements occur at very low temperature and
density conditions when the local homogeneous flow (LHF) assumption is not sound, as
aforementioned in the literature review. The goodness of fit for the liquid lengths is
around 97%. As shown in Figure 5.6, the liquid length increases linearly with the orifice
diameter; this correctly captures the linear dependence on the orifice diameter from
experiment.
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Figure 5.4 Cetane liquid lengths as a function of gas temperature and density. The
symbols are measured data for diesel fuel from ECN. The curves are
predictive values by using the scaling law.
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Figure 5.5 HMN liquid lengths as a function of gas density at five temperatures. The
symbols are measured data for diesel fuel from (ECN). The curves are
predictive values by using the scaling law
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Figure 5.6 Cetane liquid lengths as a function of orifice diameter for different densities
and injection pressures
Figures 5.7 to 5.9 show some additional insights using the liquid scaling law. One
result after solving the nonlinear Equation (3.11) is the saturation temperature 𝑇𝑠 at the
liquid length. Figure 5.7 is a plot of saturation temperatures derived for the cetane fuel for
those conditions correspond to those in Figure 5.4. Also included in the plot is the critical
temperature of the cetane. It is observed that the equilibrium temperature can never reach
critical temperature before liquid length, which indicates that the liquid fuel only
experience evaporation under sub-critical conditions. Figure 5.8 considers the effects of
exhaust gas recirculation (EGR) on the liquid length by injecting cetane fuel into inert gas
condition and normal air condition. It is noted that the EGR has little effect on the liquid
length, not only because of its effects on gas temperature, but also on the heat capacity of
the charge due to different composition.
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Figure 5.7 Equilibrium temperatures at the liquid length location for different gas
temperatures and densities for cetane. The conditions in the figure correspond
to those in Figure 5.4
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Figure 5.8 Predicted liquid lengths for cetane injected into inert gas or air as a function
of gas temperature at five different densities. The conditions in the figure
correspond to those in Figure 5.4
Diesel fuel is a mixture of many substances with different thermodynamic
properties .To find a surrogate for diesel fuel liquid length calculations, n-heptadecane,
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cetane and α-methylnaphthalene are tested for their availabilities. Figure 5.9 is a plot of
the different liquid length behaviors of these potential surrogates. From the plot, nheptadecane provides the best match with experiment data for diesel fuel, and it is
recommended as the best surrogate for the liquid length calculating. This critical
observation is used in the phenomenological model.
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Figure 5.9 A comparison of liquid lengths predicted for three single-component
surrogates of diesel fuel under different gas temperature and density
conditions. The symbols are measured data for diesel fuel from ECN. The
curves are predictive values by using the scaling law. The conditions in the
figure correspond to those in Figure 5.4
5.2

Matching Motoring Pressure Curve
Before the various sub models of the phenomenological simulation can be

calibrated to predict engine combustion, it is important to examine the simulation
predictions for the case without combustion, namely the engine motoring case. There are
two reasons (or benefits) to take this preliminary analysis before combustion modeling.
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First and most important, modeling confidence is built on the close match between
simulations and experiments. Those sub models not affiliated with combustion, such as
the wall heat transfer sub model, etc., and the integration processes to solve the energy
balances, for instance, the DVODE subroutine, seem to work well. Second, a simulation
baseline can be obtained, which is useful in the following simulations when combustion
is considered.
In the motoring case, the simulation begins from intake valve closure (IVC)
timing and continues until exhaust valve open (EVO) timing without any fuel injection or
combustion. For all comparisons between experiments and simulation discussed in this
chapter, the initial conditions are obtained from experiment measurements. For example,
the cylinder pressure at IVC timing is obtained from the pressure transducer at cylinder
head; since the actual in-cylinder temperature at IVC is not available from experiments,
the measured temperature at the intake manifold is used instead. Model parameters used
for simulating motoring are provided in Table 5.2.

Table 5.2 Model Parameters for the Motoring Case
Model parameters

Values

Nominal Compression Ratio

17

Intake Air Temperature (K)

298

Pressure at IVC timing (bar)

1.165

Computation time step (crank angle)

1

With these parameters, the experimental and simulated motoring pressure curves
are compared in Figure 5.10. Clearly, the baseline simulation (with no modifications)
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overestimates both the peak pressure as well as the pressures during expansion stroke,
though the pressure prediction is better in compression stroke. To rectify this problem,
several means, including changing the compression ratio and heat transfer model
parameters and reducing the computational time step are attempted, as mentioned by

Motoring cylinder pressure [bar]

Krishnan (2005).
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Figure 5.10

Experimental and predicted pressure curves (for the baseline and the
trapped mass, MTOT, decreases by 5%) at the given initial conditions

A compression ratio of 17:1 obtained from computational fluid dynamics (CFD)
studies [Wang, 2011] is retained for all the results presented in this chapter, unless
specified otherwise. Second, changing the heat transfer model parameters (i.e. the
cylinder wall temperature, etc.) to enhance or reduce the heat transfer rate does not affect
the predicted pressure curve too much. Finally, when using smaller computational time
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steps (not shown here), it appeared to have minimal impact on the motoring pressure
predictions.
Simulations show the general effects of these three means are:
1) The predicted pressure curve will decrease as reducing the compression ratio.
2) The predicted pressure curve will decrease as reducing cylinder wall temperature.
3) The predicted pressure curve in compression stroke will decrease as increasing the
computational time step, while the curve in expansion stroke does not change too
much.
Upon closer inspection, it was evident that the initial conditions specified for the
simulation could have considerable uncertainties. For instance, the gas exchange process
as intake valve closes is hard to determine. Moreover, even the experimental airflow rate
measurement performed with a laminar flow element and differential pressure transducer
combination may have random error of a few percentage points. Therefore, the initial
conditions used need some modifications. Because the total trapped mass (MTOT) inside
the cylinder at IVC timing is not computed in a closed cycle as in the present simulation,
some adjustment in MTOT seems necessary and practical in order to lump all of the
uncertainties. Since MTOT is determined from the ideal gas law equation, some of the
aforementioned issues can be adjusted by adding one pre-coefficient. MTOT seems to be
reduced as temperature increases. Noting that there is no intake heating in the motoring
case, intake charge will be heated when passing the intake passage before it enters the
cylinder, therefore the intake air mass can decrease a little. This partly explains the reason
of choosing the pre-coefficient smaller than unity. It was then observed, by this means for
the specific initial conditions in Table 5.2, that the best match (both the peak pressure and
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the pressure curve in compression stroke) between experiments and predictions was
obtained with the pre-coefficient as 0.95, though with a slight over prediction in
expansion stroke.

5.3

Ignition Delay Model Results
In these conditions, the average temperature of the jet generally falls in the low

temperature range of the ID model, therefore only the constants in this range are
monitored for best match. The constants used in the current model are summarized in
Table 5.3. The ignition delay (ID) model is validated against experiment data from engine
test bench. Calculated ID timings are compared with experiments in Figure 5.11. Table
5.4 further summarizes these results. The computation time step after start of injection
(SOI) is 0.03125 crank angles. Data in Table 5.4 is plotted in Figure

Table 5.3 Model parameters used in the ignition delay model
Parameter

Low temperature range

lnA 

-28.32

n
m
B

0.8564
0.7573
11015.8
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Table 5.4 Validations of ignition delay models against experiments
Brake Mean Effective Pressure (BMEP)
Fuel
Injection
Timing

2.5 bar

5 bar

7.5 bar

10.0 bar

ID
(Exp.)

ID
(Sim.)

ID
(Exp.)

ID
(Sim.)

ID
(Exp.)

ID
(Sim.)

ID
(Exp.)

ID
(Sim.)

0ºBTDC

2.5

1.41

1.5

1.25

1.0

1.06

1.0

0.91

4ºBTDC

2.0

1.5

1.5

1.31

1.5

1.13

1.0

1.0

10ºBTDC

2.5

2.0

2.0

1.78

1.5

1.56

1.0

1.38
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Figure 5.11

Experimental and predicted ID for different loads with three injection
timings. For the upper left plot, SOI is 0ºBTDC; for the upper right plot,
SOI is 4ºBTDC; for the lower plot, SOI is 10ºBTDC. The BMEPs are 2.5
bar, 5 bar, 7.5 bar and 10 bar

According to these results, the goodness of fit is 91.5% for the 0ºBTDC injection
timing, 87.1% for the 4ºBTDC injection timing and 83.2% for the 10ºBTDC injection
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timing. These predictions are good for the Arrhenius type ID model. Also note that the
experimental ID is derived in time step of 0.5ºcrank angles (CA), which contains
uncertainties as  0.5ºCA itself. Matching between experiments and predictions in the
low load conditions is not very good, but it should improve if the Shell ignition model is
used [Krishnan, 2005]. From this table, we can see that the current ID model well
captures the ignition timings at different injection timings and loads.
Further, we look into some details of the evolution of the jet. In ignition delay
calculation with the Arrhenius-type correlations, normally for simplicity, the global
parameters (i.e. average temperature, overall equivalence ratio and pressure in the
cylinder) are used due to the lack of local information. In a diesel spray, nonetheless,
there is always some stratification in temperature, density, concentration, etc., so pure
homogeneous charge does not exist. While the pressure could be assumed to be the same
in the combustion chamber as most phenomenological models do, both the temperature
and equivalence ratio vary a lot. Consequently, it makes sense to use the local parameters
of the ignition region, for instance, those of the diesel spray plume. Here, the overall
average equivalence ratio and temperature of the diesel spray jet are used in the
instantaneous ID correlations; the pressure is kept as a global parameter.
The behaviors of the diesel spray jet during the ID period are plotted in Figures
5.12 and 5.13. Figure 5.12 apparently shows the differences between the temperature of
the spray and the ambient. The difference is largest at the beginning of fuel injection,
where the ambient gas temperature is more than twice the temperature of the spray jet; as
air entrainment continues, more and more air is entrained and they help to increase the
average temperature of the spray. Interestingly enough, the temperature difference is
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constant after some time. Such behavior is highly correlated with the fuel injection rate
since the air entrainment rate is determined from injection rate. During the whole ID
period, these two temperatures are never identical with each other.
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Figure 5.12 Temperature evolutions of Tu and TCV during the ID period. The conditions
are: SOI is 13ºBTDC; injection duration is 12 degrees; engine speed is 1800
rpm

Figure 5.13 is a plot of the evolution of mass fractions of the liquid fuel (Y fl ), the
fuel vapor (Y fv ) and air (Y a ) in the control volume (C.V.). As shown by the plot, Y a
increases as the jet penetrates further, which is expected since air is continuously
entrained into the jet. The liquid fuel occupies most of the fuel mass at the beginning, but
decreases very quickly due to the energy transfer from the hot ambient air. In the current
case, the liquid fuel vaporization ends at around 2.0ºcrank angles after SOI.
Consequently the fuel vapor mass increases monotonically. But there is a limit on fuel
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vapor mass fraction, after which it decreases monotonically. This limit comes along with
the invalidation of the phase equilibrium between liquid and vapor phase. When
assuming phase equilibrium, the result is that the fuel vapor mass is greater than the
actual total fuel mass in the jet. This contradiction means that all the fuel is in vapor
phase. As a result, even though the temperature is below the critical temperature, there
cannot be any fuel in liquid phase.
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Figure 5.13

Composition of the C.V. during the ID period. Conditions are the same as
in Figure 5.10

In addition, the result is consistent with the analyses made by Naber and Siebers
(1996). Their penetration law has a distinctive short time limit, in which the fuel jet is
dominated by the injected fuel and long time limit, in which the fuel jet is dominated by
the entrained air with a transition region between them [Naber and Siebers, 1996].
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Coincidently, current simulation results support this idea: the fuel mass occupies most of
the fuel jet at the earlier stage, while the entrained air mass becomes dominant later on.
There is another thing need to be noticed. The average temperature here is not
necessarily the ambient temperature of the droplets but the overall average temperature of
all the substances, including the liquid fuel, the fuel vapor and entrained air, in the jet. As
a result, although the average temperature goes beyond the critical temperature of nheptane10, it does not mean that the liquid droplets have reached the supercritical state.
Actually, it has been found by Siebers from his scaling liquid law [Siebers, 1999] and
Abraham and Givler (1999) that the liquid droplet evaporation is not undertaken in
supercritical conditions in diesel engine conditions. Therefore, the liquid fuel undergoes
subcritical evaporation within the liquid length, as in conjunction with the literature
review in Chapter 2.

5.4

Model Parameter Calibrations
In a phenomenological model, many parameters are involved and need to be

calibrated before further analyses. This step sometimes is also called sensitivity analysis.
Model parameters should be introduced with cautions and necessaries. In the current
model, some important model parameters are discussed in detail in this section.
First of all, since we are distributing some portion of the mass of the preparing
zone to a newly formed premixed packet, a parameter is needed to determine how much
of the mass needs to be retained in the preparing zone. Here we use the parameter

10

The critical point of n-heptane is 540.2 K and 27.4 bars [API, 1997].
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x prep,prem to model how much of the mass will be distributed to the newly premixed
packet. At the same time, since we need some geometric parameters to be used in the air
entrainment model, x prep,prem is first directly related to these geometric parameters, and
then Siebers’ correlation on the volume will be used to determine the portion of mass
assigned to the newly formed premixed packet, by assuming constant density in the
preparing zone and premixed packet. The other issue with this transforming process is
that we need to take the right value of to remain the continuity of temperatures of the
preparing zone and the diffusion flame around. In simulations, when x prep,prem  0.1 , a
newly formed premixed packet will have around 14 percent mass of the preparing zone,
so does the newly formed diffusion packet. It is evident that oscillations in the
temperature profile exist if all the mass of the preparing zone is transferred to the
premixed packet. This fact, from another perspective, shows the need for introducing
these parameters. Table 5.5 summarizes the values used in the current calculations.
In Table 5.5, x prep,prem i  means this parameter is used when the ith premixed
packet is formed. For example, the first parameter x prep,prem 1 is used when the first
premixed packet is formed, which is just after ignition delay. x prep,prem 2 and parameters
else are assigned the same values. Again, the major reason to choose these values is to
keep the temperature profile of the preparing zone and the diffusion flame around the
preparing zone continuous, which will be shown in temperature profile plot below.
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Table 5.5 Model parameters used to determine how much of the mass in preparing zone
needs to be retained
Model parameters

Values

x prep,prem 1

0.4

x prep,prem 2

0.1

x prep,prem 3

0.1

…

0.1

Second, the constants used in modeling mass transfer between the premixed and
diffusion packets are summarized in Table 5.5. These parameters are useful in controlling
the diffusion flame temperatures. For instance, simulations show that increase in x a ,diff
or x p ,diff tends to increase the diffusion flame temperature. According to Dec’s model
[Dec, 1997], the fuel first undergoes premixed combustion and then enters the thin
diffusion flame in the periphery. Based on chemical kinetic analyses of Flynn et al.
(1999), nearly 85~90% of the chemical energy is released at the diffusion flame. As a
result, it is believed that these parameters should be smaller than unity. Further, the
remaining air of the diffusion flame will not diffuse too much into the jet since most of it
has participated in the diffusion burn. Therefore, those parameters are in the range of
10% to 30%. In the current case, these parameters are kept the same for simplicity. With
these model parameters used in the mass transfer processes, the times at which those
diffusion flame packets are formed are shown in Table 5.6. The conditions are the same
as in Figure 5.10.
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Table 5.6 Model parameters used for the mass transfer from diffusion packets
Model parameters

Values

x a ,diff,prem

0.1

x p ,diff,prem

0.1

x a ,diff,prep

0.1

x p ,diff,prep

0.1

x a ,diff,mix

0.1

x p ,diff,mix

0.1

Table 5.7 Packet index and timings at which the diffusion flame packets are formed

5.5

Packet
index

Crank angle at which the new
packet is formed

Packet
index

Crank angle at which the new
packet is formed

1

352.1875

7

352.1875

2

353.46875

8

353.46875

3

353.84375

9

353.84375

4

354.21875

10

354.21875

5

354.5625

11

354.5625

6

354.9375

12

354.9375

Temperature Distribution
One major advantage of phenomenological model is that the zone temperatures

can be implemented for further detailed analyses. For instance, the diffusion flame zone
temperature can be correlated with the oxides of nitrogen (NOx) emissions; the liquid
zone temperature tells the temperature of the fuel before it enters reaction region; the soot
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formation region temperature. Therefore the phenomenological model can be used in
analyzing chemical kinetics mechanisms of emissions.
The temperatures of some important zones after start of combustion (SOC) are
plotted in Figure 5.14, including temperature of the unburned zone Tu , temperature of the
liquid zone Tliq , temperature of the mixing zone T mix , temperature of the diffusion flame
around the mixing zone TmixD  , temperature of the preparing zone T prep , temperature of
the diffusion flame around the preparing zone T prepD  , temperature of the 1st premixed
packet T prem1 , temperature of the diffusion flame packet around the 1st premixed packet
and the average temperature Tdiff 1 .
As shown in Figure 5.14, Tu increases as the compression stroke increases due to
the compression and air entrainment. Because the outlet energy rate term is the greatest
term and makes the change rate of Tliq negative, Tliq decreases at first. Later on, as the
injection rate increases, the change rate of Tliq becomes more stable. When the injection
rate is decreasing, Tliq starts to decrease again. For the diffusion flame packets, the
combustion is assumed to occur at stoichiometric conditions. From the combustion
equilibrium calculations11, the adiabatic flame temperature is around 2600K for the initial
conditions that air temperature is 1029K and fuel temperature is 1011K and pressure is
6.245 bar. The diffusion flame temperatures, like T prepD  , T prepM  and Tdiff 1 , are in the
same level as this adiabatic flame temperature. Due to the heat release from premixed

11

The combustion equilibrium program is discussed in detail in Appendix D.
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packet, T prem1 increases all the way and reaches the maximum when the oxygen is
completed used. This temperature is less than the diffusion flame temperature Tdiff 1 .
Starting from the quasi steady portion when the lift-off length is established, the mixing
zone is formed. The diffusion flame temperatureT prepM  approaches the adiabatic flame
temperature.
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Figure 5.14 Temperature profiles of some zones after SOC. Conditions are the same as
in Figure 5.10

In addition, the current model has two unfixed issues. At first, T prep profile
(Shown as an orange circle with “A” in Figure 5.14) is not expected. In the compression
stroke, we expect that the zone temperature should increase or keep constant at most.
However, in the energy balance equation, Tprep  c p ,prep 
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dm prep
term is the highest and
d

makes

dT prep
negative, T prep thus keeps decreasing. This problem is closely related to
d

dm prep
, which depends on the treatments of the energy flow for the preparing zone;
d
therefore this issue may be resolved with modifications on this aspect.
Second, Tliq (Shown as an orange circle with “B” in Figure 5.14) is not expected.
The calculated lift-off length is 7.1225 mm with Siebers’ correlation as in Equation (3.12)
and pre-coefficient is 7.04  108 . This value is a little bit small in engine conditions:
because of high injection velocity, the lift-off length is further stretched downstream the
jet [Dec, 1997]. What’s more, our simulations show that if we increase the precoefficient, the huge drop of Tliq due to the separation of the liquid zone is greatly
reduced, and then Tliq is more gradual. In summary, these two major issues need to be
resorted.
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CHAPTER VI
SUMMARY AND CONCLUSIONS

6.1

Summary
Zero dimensional phenomenological sub models based on Dec’ and Siebers’

results for a single free fuel jet [Dec, 1997; Naber and Siebers, 1996; Siebers, 1999] have
been developed. The simulation models the working process of direct injection (DI)
diesel engine from intake valve closure (IVC) timing, which occurs early in the
compression stroke, to the end of injection (EOI) of the fuel, including the compression,
injection, ignition and combustion processes.
Dec’s conceptual model, which combines the experiment results in an optically
accessible engine, forms the physical basis of this phenomenological model. Some
conclusions from the conceptual model that are implemented in the phenomenological
model are:
1) The initial premixed burn occurs at the head region where the equivalence ratio is
between 2 and 4.
2) The diffusion flame forms soon as the ignition occurs, and then it quickly encircles
the whole jet.
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3) During the quasi steady portion, the fuel first experiences premixed combustion in the
supposed standing premixed flame and then it enters into the diffusion flame sheath
in the jet periphery.
At the same time, Siebers’ representative research works on the tip penetration,
liquid length and lift-off length are specially discussed. They help to reveal some
essential details of diesel spray combustion beyond Dec’s conceptual model and are also
incorporated in the phenomenological model. The liquid length limits the fuel phase
penetration and the liquid scaling law indicates the mixing-limited characteristic of the
diesel evaporation process. The lift-off length is the most upstream location of the
diffusion flame and defines the air entrained in the fuel jet. These theories provide some
detailed information for defining the zones.
In addition, a two-step premixed combustion model is implemented to better
capture the premixed burn behavior, including the flame temperature and heat release
rate. Besides, a diffusion burn model is incorporated based on the mixing-limited theory
of fuel oxidation. A mass transfer theory is proposed to analyze the interaction details
between the premixed combustion and the diffusion flame packets.
Finally, sub models for the spray geometries (i.e. the liquid length and lift-off
length), ignition delay, premixed burn and diffusion burn are developed and combined
into a new mixing-limited diesel combustion phenomenological model.

6.2

Conclusions
Sub models of a phenomenological model is developed based on “new”

understanding of diesel combustion by incorporating Dec’s conceptual model [Dec,
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1997] and Siebers’ mixing-limited theory [Siebers, 1999]. The diesel spray models,
including penetration model, the liquid length model and lift-off length model, are
verified with experiments from Siebers’ work. The air entrainment model is developed
from Siebers’ scaling law for the liquid length. The mixing-limited theory, which is based
on the assumption that the local transport rate is fast compared to the turbulent mixing
rate because of good atomization, is verified by good agreement between the scaling law
and experiment data. This mixing-limited assumption is consistent with the local
homogenous flow (LHF) assumption. The overall phenomenological model is first used
to match the motoring pressure curve from experiments. The ignition delay model is then
validated against experiment data from different injection timings and loads, with
goodness of fit between 83~92%. Sub models for the premixed heat release rate and
diffusion burn rate are also included. There are some outstanding issues in the
temperature profiles of the preparing zone and liquid zone; therefore, some more
calibrations need to be made in the combustion model to make the phenomenological
model robust. Nonetheless, important sub models are well validated independently and
the phenomenological model can be used to understand diesel spray combustion.
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CHAPTER VII
RECOMMENDATIONS FOR FUTURE WORK

The research efforts described in the previous chapters render some
recommendations for future work on amending and improving the phenomenological
model. Owing primarily to the lack of time, it was not possible to apply all the ideas in
the simulation work. During the extensive calibration and validation phases of the
phenomenological model development, several shortcomings of the model, including
some inherent disadvantages for all phenomenological models, were identified; these
limitations and possible improvements are summarized in this chapter trying to provide
some general ideas for further research.

7.1

General Limitations
The phenomenological model has the following general limitations:

1) Compared to the computational fluid dynamics (CFD) simulations, detailed local
information is not available due to the simple treatment.
2) Most of the empirical and theoretical correlations in the spray model and combustion
model are based on the research of a single jet in quiescent conditions; therefore, the
real engine effects (i.e. jet-to-jet interaction, unsteady flow) are not modeled, which
have been shown to change the behaviors significantly from a single free gas jet.
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3) The fuel injection rate shape, which is unavailable from experiments at present, is
certainly in need of some more investigation so that the real fuel injection rate can be
used as input for the simulation. It is believed that the fuel injection rate history, as an
input boundary condition, has critical effects on diesel spray combustion behavior.
4) Emission sub models such as the oxides of nitrogen (NOx) and soot models are not
coupled in the current phenomenological model; emission analysis hence is not
available here. However, these models can be incorporated in the future. With the
benefits of multi zone simulation, however, general parametric analysis can be made.
For example, the diffusion flame zone temperature can be used to estimate the NOx
emission.

7.2

Suggestions on the Spray Model
To improve the predictive capability of the spray model, future work may address

the following partial list of important issues:
1) Capturing the effects of cavitation in the nozzle passage requires further detailed
understandings, since it affect the initial boundary conditions. And, it has been proved
that cavitation can affect the break-up, vaporization, and combustion processes.
2) The interactions between vaporization and combustion need more efforts.
3) The lift-off stabilization mechanism under engine conditions is still under
investigation. In the future, instead of using the correlation from Siebers for a single
jet under quiescent conditions, some new effects on the lift-off length need to be
addressed.
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4) The flame impingement is not considered by assuming a free diesel spray jet, since
determination of the flame length accurately for a wide range of conditions is still
uncertain. Based on the preliminary research in [Pickett et al., 2005], future work can
address this topic.
5) The impingement processes, including the liquid fuel impingement, vapor fuel
impingement and flame impingement are not considered for simplicity. Even though
these impingements can be determined to occur, the difficulties are in actually
modeling the behaviors, which at least for a phenomenological model is challenging.

7.3

Recommendations on the Combustion Model
To improve the applicability of the combustion model, some topics of the future

work may be in the following directions:
1) The Shell ignition model can be incorporated into the ignition model as done in
Krishnan (2005). It employs generic species in a global eight-step chain-branching
reaction mechanism of hydrocarbon ignition and includes reactions for chain initiation,
propagation, branching, and termination [Halstead et al., 1997]. The Shell model is
able to simulate the ignition process in greater detail and predict the onset of ignition
better than he empirical ignition delay correlations.
2) A flame length sub model can be incorporated to determine the diffusion flame region,
but such a model needs more investigations, as mentioned in Chapter 4.
3) To predict the end of combustion based on a more realistic approach, a quench model
that considers flame quench may be incorporated in the simulation.
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4) To match experimental pressure and heat release rates, the combustion model needs
more calibrations.
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APPENDIX A
COMPARISON BETWEEN SIEBERS’ AND WAKURI’S MODELS
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As mentioned in the spray tip penetration part in Chapter 2, Siebers’ penetration
law actually stems from the analysis of Wakuri et al. [Wakuri et al., 1960]. A comparison
analysis is made here to seek for a deep understanding of the jet momentum theory.

Control Volume
Entrained

Fuel

x
Figure A.1 “Idealized” diesel spray model, adapted from Siebers (1999)
First of all, the control volume (C.V.) of interests needs to be specified. Though
neither Wakuri et al. nor Siebers pointed out the reasons for choosing such a C.V., one
reason for the cylindrical shape instead of just surrounding the diesel spray structure is to
avoid the complex analysis at the outer boundary of spray, since the movement and
reaction there between fuel and air seems to be outstanding. The second reason is thought
to be related to the air entrainment. Since ambient air that entrains into the C.V. is always
perpendicular to the cylindrical control surface, the air has no momentum in the axial
direction, which will greatly simplify momentum balance analysis. The assumptions from
Wakuri et al. [Wakuri et al., 1960] are:
(1) The relative velocity of fuel droplets and the air composing fuel spray can be
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neglected.
(2) The moving mass of fuel jet at nozzle outlet is transferred to the fuel-air mixture in
the spray.
The first assumption is questionable near the nozzle exit, but should apply well
after. As mentioned before, in the primary break-up region, it is mostly liquid fuel
experiencing the disintegration process, relative movement of fuel and air hence exits.
Later in the atomization region, in diesel engine conditions, the fuel droplet diameter is
very small and the density of air in cylinder is high, the relative velocity between them
can be neglected from the local homogenous fluid (LHF) assumption. The second
assumption means that there is no fuel going outside of the spray, it is doubtable very
near the outer boundary of the spray, but should be reasonable when considering the near
quiescent engine conditions12.
The fuel mass and momentum balance in axial direction are given by from:

m f 0  f  Af  U f  f  Af x   U x 




(A.1)


M 0  f  Af 0  U f2  M x   U x   a  V  f  Af 0  U f 


12



(A.2)

The ambient gas environment is approximately quiescent. The reason for neglecting the movement of

ambient air is that it is relative too small compared with fuel injection velocity. In a diesel engine, the
turbulence is mainly caused by the relative movement between fuel spray and cylinder gas, and the
turbulence intensity has the same scale of average piston speed, which is around 8~12 m/s for typical diesel
engine [Heywood, 1988]. On the other hand, with the current high pressure DI technology, the injected fuel
has speed of 500~600 m/s, it is appropriate to neglect movement of ambient air and assume the fuel is
injected into quiescent conditions.

131



where V is the volumetric flow rate given by:


V  A x   U x   Af 0  U f

(A.3)

Compared to Siebers’ analysis, Siebers has different treatment in the fuel flow
area [Naber and Siebers, 1996]:

A x   m  Af x   Aa x 

(A.4)

Here, m is a parameter with a value of 0 (neglecting fuel flow area) and 1.
Solving the balance equations (A.1) and (A.2) together yields:


 U x  f
A x  U x 

  f  1  
 0

 
Af 0  U f 
a
 a
  Uf 
2

(A.5)

Equation (A.5) is actually as the same as Siebers have since he follows Wakuri’s
analysis.
Now using the non-dimensional analysis as done by Siebers:

 

f
a

(A.6a)

df  d  Ca
2  P

U f  Cv 

xf 

(A.6b)
(A.6c)

f

df

(A.6d)

2  a  tan / 2

Af 0 


4



 d f2

(A.6e)



A x     x '  tan / 2
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2

(A.6f)

df  
tan / 2

(A.6g)

df  
x

Uf
tan / 2  U f

(A.6h)

x'
x  xf


x
x

(A.6i)

x 

t 

x 

The spreading angle in Siebers’ model is related to the real (experimental)
spreading angle by:

tan / 2  a  tan / 2

(A.6j)

Equation (A.5) can then be further simplified as:
U x 
U x 
4 x 
   1 
    0
 Uf 
 Uf 
2

2





(A.7)

Solving yields:
U x 

Uf

  1

2

2
2

 16    x

2



(A.8)



  1

To find the penetration, we use:






dx
d x' / x
dx t 



dt x 
d t /t 
dt

dx
U x 


Uf
dt



  1

2

(A.9a)

2 
2

 16    x

Integration yields:
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(A.9b)
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   1  16    x    1   d x 
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(A.10a)
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Then
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S  2    1 
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 16    S 
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  ln  4    S 
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(A.10b)
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 16    S 

 1

2

2

2

We can also obtain the equivalence ratio correlation from Equation (A.9b):
 x  

fs


m a x 

 f  Af 0  U f
a  A x   U x   Af 0   U f

 fs 



(A.11a)



m f x 

 x   fs 


A x  U x 

1
Af 0 U f

(A.11b)

Then the equivalence ratio along the axial direction is found to be
 x  

  1

2

fs  
2

 16    x

2





(A.12)

  1

With these analyses above, we can see that the only difference between Wakuri’s
and Siebers’ analyses is that Siebers neglects the fuel flow area while following Wakuri’s
deduction. The differences are shown in Table A.1 below:
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Table A.1 Comparison between Wakuri’s and Siebers’ Analyses
Properties

Wakuri’s Analysis(m=1)
(From Appendix A)

Siebers’ analysis (m=0)
(From [Naber and Siebers,
1996])

2

2

Velocity
Profile

U x 
Uf

  1

2



Dimensionless
Spray Tip
Penetration
(Implicit)

t
Equivalence
ratio

 x 



2

 16    x

   1

2

S  2    1 


2
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2
2 
 16    S 


S

4

  1

2

2

  1

2
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4 S 
  ln 
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1  16  x



S
4

 1  16  S

2

1

2

2
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 16    S   1  ln 4  S  1  16  S 2 


16



 1
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fs  
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 16    x
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  1
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2  fs
1  16  x

2

1

APPENDIX B
FIND B USING LEE-KESLER’S CORRESPONDING STATES
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To find the liquid length, we need to solve the following equation for B:

B 

Z a Ta ,Pa  Ps   Ps  MW f
h T ,P   ha Ts ,Pa  Ps 
 a a a
Z f Ts ,Ps   Pa  Ps   MW a
hf Ts   hf Tf ,Pa 

(3.11)

In this equation, the initial conditions are known, compressibility Z can be found based
on temperature and pressure, also recalling the relationship between saturation
temperature and pressure, then the only unknown is the saturation temperature Ts . In
conclusion, this is a single-variable nonlinear equation. To proceed, we need to have the
property databank for numerical calculations. The American Petroleum Institute (API)
technical handbook, as suggested by Siebers (1999), supplies the thermodynamic
properties of the species, such as the compressibility, saturation vapor pressure and the
specific enthalpy based on the corresponding states correlations of Lee and Kesler
(1975). Note that in the following part, if not specified, the unit scale should be in the
English Unit (i.e. temperature is in Rankin unit), as consistent with the API technical
handbook.

Appendix B.1: Compressibility
Van Der Walls said “substances at corresponding states behave alike.” The
corresponding states give similar formula for properties of different species. Pitzer’s
three-parameter corresponding states has been widely used in calculating the volumetric
and thermodynamic properties of species. The compressibility correlation is based on the
formula:

Z  Z 0     Z 1
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(B.1)

In Equation (B.1), Z 0  is the compressibility factor of a simple fluid and Z 1 is
the deviation of the compressibility factor of the real fluid from Z 0  . Z 0  and Z 1 are
both functions of reduced temperature Tr and pressure Pr . Then any volumetric and
thermodynamic properties can be determined by Tr , Pr and  , namely the three
parameters. However, the original three-parameter corresponding states had some
limitations. At first, it is valid for Tr = 0.8~4, Pr =0~9, thus it is inadequate at low
temperatures; it has some disadvantages at the critical regions and some other cases.
Accordingly, Lee and Kesler (1975) developed a methodology that can accurately
represent the volumetric and thermodynamic properties of vapor and liquid as a function
of three-parameters over the range of Tr = 0.3~4, Pr =0~10. Based on Pitzer’s
corresponding states, Lee and Kesler (1975) [Lee and Kesler, 1975] used the following
expression:

Z  Z 0  
In Equation (B.2), Z

0 




 Z r   Z 0 
(r )




is the compressibility of a simple fluid , Z

(B.2)
r 

is the

compressibility of the reference fluid.  is the Pitzer’s acentric factor and (r ) is the
acentric factor of the reference fluid, which is chosen as n-octane. The convenience for
Equation (B.2) is that both Z

0 

and Z

r 

can be expressed by the same equation but

different constants:

Z 


  
Pr  V r
B
C
D
c
 
1
 2  5  3 4 2     2   exp  2 
Tr
Vr Vr
Vr
Tr  V r 
Vr 
 Vr 

where:
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(B.3)

B  b1 

b2
b
b
 32  43
Tr Tr
Tr

(B.4a)

c2
c
 33
Tr Tr

(B.4b)

d2
Tr

(B.4c)

C  c1 

D  d1 

Here, V r is the reduced volume. B , C and D are constants, they are determined
by the constants in Table (B.1).

Table B.1 Constants used in Equations (B.3) and (B.4)
Constants

Simple fluids
0.1181193

Reference fluids
0.2026579

0.265728

0.331511

0.154790

0.027655

0.030323

0.203488

0.0236744

0.0313385

0.0186984

0.0503618

0.0

0.016901

0.042724

0.041577

d 1  104

0.155488

0.48736

d 2  104



0.623689

0.0740336

0.65392

1.226

0.060167

0.03754

b1
b2
b3
b4
c1
c2
c3
c4

The Pitzer’s acentric factor can be determined in two ways: one is to look up in a
tabulated table; the other is through mathematic formulas. For example, the Pitzer’s
acentric factor can be determined using the Ambrose-Walton theory:
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lnPc / 14.7  f 0  Tbr 

(B.5)

f 1 Tbr 

where Pc is the critical pressure of the species, Tbr is the reduced normal boiling
temperature, Tbr  Tb / Tc . f 0  and f 1 are the functions of  and   1  Tbr :
f 0  

 5.97616    1.29874   1.5  0.60394   2.5  1.06841   5

f 1 

 5.03365    1.11505   1.5  5.41217   2.5  7.46628   5

Tr

Tr

(B.6a)

(B.6b)

Appendix B.2: Specific Enthalpy
For the specific enthalpy of an ideal gas, it has only dependence on temperature:

h T   A  B  T  C  T 2  D  T 3  E  T 4  F  T 5

(B.7)

When considering the real gas effect, the enthalpy departure formula is:
 h  h* 
 h  h* 

  

 R T 
 R T 
c 
c 



where

0 

  h  h * 

 r   
 R  Tc 



r 

 h  h* 

 

 R  Tc 

0  





(B.8)

h  h*
stands for the dimensionless effects of pressure on enthalpy of the fluid of
R  Tc

interest. 0 and r are indicating the simple fluid and the reference fluid (n-octane here),
respectively. For both simple fluid and reference fluid, they are determined from the same
equation but with different constants as like for the compressibility:
h h
R  Tc

*



b
b
c
b2  2  3  3  42
c2   32


Tr
Tr
Tr
d2


 Tr  Z  1 


 3  E
2
5
T

V
2

T

V
5

T

V
r
r
r
r
r
r
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(B.9)

In Equation (B.9), those constants can be found in Table (B.1) for simple fluid and
reference fluid, respectively.

Appendix B.3: Saturation Pressure
In the literature, there are many formulas for the relation between saturation
pressure and temperature, such as the Antonie’s equation, Wagner’s equation, etc. Lee
and Kesler (1975) suggested the following correlation for heavy hydrocarbons.

 

 

 

ln Prs  ln Pr0  ln Pr1

(B.10)

Where:

 

ln Pr0  5.92714  6.09648 / Tr  1.28862  lnTr   0.169347  Tr6 (B.11a)

 

ln Pr1  15.2518  15.6875 / Tr  13.4721  lnTr   0.43577  Tr6 (B.11b)

Appendix B.4: Numerical Procedure
The Equation (3.11) can be changed to the following formula:

f(Ts )  Z a Ta ,Pa  Ps   Ps  MW f  hf Ts   hf Tf ,Pa 

 Z f Ts ,Ps   Pa  Ps   MW  ha Ta ,Pa   ha Ts ,Pa  Ps 

(B.12)

To solve this nonlinear equation, the Secant method is suggested:

Tsn 1 

 
 

 
 

Tsn 1  f Tsn  Tsn  f Tsn 1
,n  1,2,...
f Tsn 1  f Tsn
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(B.13)

APPENDIX C
MASS AND ENERGY BALANCE EQUATIONS
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The mass and energy balance equations for various zones are presented in this
section, which will provide good guidelines for phenomenological model coding. The
following sections follow the sequence of the model conception.

Appendix C.1: Overall Mass and Energy Balances
This part is used for the mass and energy balance check for the whole cylinder
treated as a closed system:
(1) IVC  CAD  SOI , compression stroke.

where:

dmtot
 d  0

dH tot  V  dP  dQwall
tot
d
d
 d

(C.1)

H tot  mtot  C p ,avg  Tavg

(C.2a)

Tavg 

i m i  C vi  Ti
i m i  C vi

(C.2b)

(2) SOI  CAD  SOC , ignition delay period.
dmtot
dm f ,inj


 d
d

dH tot  V  dP  h 0(T )  dm f ,inj  dQwall
tot
f f

d
d
d
 d

Where:

hf0(Tf )  hf (Tf ) 

U f2
2

(3) SOC  CAD  EOI , 1st stage combustion and the quasi steady portion.
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(C.3)

(C.4)

dmtot
dm f ,inj


 d
d

dH tot  V  dP  h 0(T )  dm f ,inj  dQ comb,tot  dQwall
tot
f f

d
d
d
d
 d

(C.5)

Appendix C.2: Ignition Delay Period
Zone 1:


dm 1,ent
 1  16  S
 
d
2



dT1
1

d
m1  cp1

2


 1  dm f ,inj
  d




dQ
dm 
dP dm 1,ent

 h T1   1  T1  c p 1  1 
V1 
d
d
d
d 


(C.6)

(C.7)

Zone 2:
dm 1,ent dm f ,inj
dm 2


d
d
d

V2 

dm
dm
dP
dQ 2
dH 2
 hf0 Tf   f ,inj  h T1   1,ent 

d
d
d
d
d

(C.8)

(C.9)

Appendix C.3: First Stage Combustion
Liquid zone (Zone 2): An open system with mass in and out but without combustion. The
control volume is shown in Figure C.1.
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Figure C.1 Schematic diagram of the energy flow for the liquid zone
The mass and energy balances for the liquid zone are:
dm a ,in
dm a ,ou


d
 d
dm f ,ou
dm f ,in


d
d

dm a  0
 d

dm f  0
 d

dT2
1

d
m 2  cp2
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2
 h T  
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T



T

c


f
2
2
p2
 a 2
d
d  d
d 


(C.10)

(C.11)

In Equation (C.11), V 2 is determined from the composition in the liquid zone
since liquid fuel could exist.

Premixed combustion zone (Zone 3) and diffusion combustion zone (Zone 4): Since the
diffusion flame sheath will affect the entrainment in premixed combustion packets, a
reasonable treatment is then to analyze them simultaneously. The premixed combustion
zone is composed of multiple small premixed combustion packets. Each packet is treated
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as a closed system with respect to each other, rather, mass transfer is allowed between the
premixed and associated diffusion packets. The diffusion combustion zone is composed
of multiple small diffusion combustion packets, and each packet is treated as a closed
system with respect to each other. While their volumes will change as they move
downward, their lengths are kept constant, which is to use the air entrainment correlation
(i.e. Equation (3.26)).
The mass transfer between the diffusion flame packet and premixed packet is
determined as:
dm a 
 x a ,diff,prem


 d  4  3

dm p 
 x p ,diff,prem
 d 
 4 3


dm

dm
  a ,ent,4  4  fs  f ,b ,diff,4 
d
 d
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dm
 1  4  fs   f ,b ,diff,4
d

Here, x a ,diff,prem and x p ,diff,prem are model parameters; they determine how much
of the remaining air and products after combustion will be transferred to the inside
premixed packets. The energy flow in the diffusion flame packet is plotted in Figure C.2
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Figure C.2 Schematic diagram of the energy flows for the diffusion flame packet around
the premixed packet
Based on Figure A.3, for the diffusion flame packet, it has the following mass and
energy balances:
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Equation (C.13) is equivalent to:
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The general energy balance for the diffusion flame packet is then:
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The general schematic of the energy flow for the premixed packet is shown in
Figure C. 3.
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Figure C.3 General schematic diagram of the energy flows of the premixed packets
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The mass balance for the premixed packet is:
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The general energy balance for the premixed packet is then:
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Preparing zone (P) and the diffusion flame around preparing zone: the region between the
liquid zone and the premixed combustion packets is named as preparing zone, in which
the fuel and air masses accumulate. When its total mass is equal to that of the first
premixed combustion packet, this zone will be changed into a new premixed combustion
zone. The diffusion flame starts to form, too. As a result, at any time, there will be only
one preparing zone.
Similarly, the mass transfer between the diffusion flame packet and preparing
zone is determined as:
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(C.18)

Here, x a ,diff,prep and x p ,diff,prep are model parameters. They determine how much
of the remaining air and products after combustion will be transferred to the inside
preparing packet.
For the diffusion flame packet, it has the following mass and energy balances:
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Equation (C.14) is equivalent to:
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Similarly, the energy balance for the diffusion flame around the preparing zone is
then:
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The schematic of the energy flows for the preparing zone is shown in Figure C. 4.
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Figure C.4 Schematic diagram of the energy flows for the preparing zone
The mass balance for the preparing zone is:
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Appendix C.4: Second Stage Combustion
Starting from the second stage combustion, the concept of lift-off length is
introduced since the jet is more or less steady. The mixing zone is thus introduced along
with this to set up the upstream limit of the diffusion flame region. The energy flows in
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the mixing zone is illustrated in Figure C.5.
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Figure C.5 Schematic diagram of the energy flow for the mixing zone
In Figure C.5, H is the lift-off length and S ign is determined at ignition delay.
Since the diffusion flame is around the mixing zone, there are mass transfers from the
diffusion flame packet, which includes air and products. The assumption here is:
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The mass balance for the mixing zone is:
dm a ,m
dm
dm
dm 
  a
 a ,in,2  a ,ou ,m

d
d
 d  4  P
 d
dm
dm f ,in,2 dm f ,b ,diff,4 dm f ,ou ,m
 f ,m 


d
d
d
 d



dm
dm
p
 p ,m 


 d
d


4m

dm m
dm a ,m
dm
dm p ,m

 f ,m 

d
d
d
 d

The energy balance is:
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APPENDIX D
COMBUSTION EQUILIBRIUM PROPERTIES CALCULATIONS
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The combustion equilibrium properties mean the adiabatic flame temperature and
the composition of combustion products. In this section, an existing method for
calculating combustion equilibrium properties is presented and then a FORTRAN
program is developed based on this method. Final results are validated with the wellknown STANJAN software.

Appendix D.1: Motivations
While in reality in combustion, it does not exist such a state that all the species are
frozen, we still introduce equilibrium concept as one approach to look into the
combustion phenomenon. Equilibrium analysis has been approved to be effective in
estimation of the combustion quantitatively, which guarantees further research including
exergy analysis and emission.
In the literature, there are some existing programs for equilibrium properties
analysis, such as the well-known STANJAN (Developed Dr. W.C. Reynolds from
Stanford University in the 1980s) and the NASA CEA software. Though both have been
approved with high precision and robust for wide range of fuels, programmers have no
access to the actual FORTRAN code. Therefore, a practical (small, reliable and effective)
program is still needed in combustion calculation for laboratory use, and then we can
incorporate it in a phenomenological model.

Appendix D.2: Determine the Products Composition
The following analysis basically follows the Olikara and Borman (1975).
Assume the fuel C n H m O l N k and air reacts at a given equivalence ratio as:
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x 13 C n H m O  N k 


n  m /4  /2
O 2  3.7274 N 2  0.0444 Ar 



 x 1H  x 2O  x 3 N  x 4 N 2  x 5OH  x 6CO  x 7 NO  x 8O 2  x 9 H 2O

(D.1)

 x 10CO 2  x 11N 2  x 12Ar

where x 1 through x 12 are mole fractions of the product species. x 13 represents the mole
of fuel that will give one mole of products. Note that in the program, Ar is not
considered, this means: x 12  0 .
The left side of the Equation (D.1) can be written as:



x 13 nC  mH  rO 2  r 'N 2  r ''Ar



(D.2)

where:

r   / 2  r0
r '  k / 2  3.7374 r0

r ''  0.0444 r0

r0  n  m / 4   / 2 / 
Atom balances for the elements give:

C balance:

x 6  x 10  n x 13

(D.3a)

H balance:

x 1  2x 4  x 5  2x 9  m x 13

(D.3b)

O balance:

x 2  x 5  x 6  x 7  2x 8  x 9  2x 10  2r x 13

(D.3c)

N balance:

x 12  r '' x 13

(D.3d)

The constraint of the mole fraction of all the products add up to unity gives:
12

xi

i

 1

1
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From other 7 non-redundant hypothetical reactions, we have:
x 1  2x 4  x 5  2x 9 

m
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6
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(D.5a)

(D.5b)

(D.5c)

(D.5d)

Denote the ratios as:
m
 d1
n
2r

 d2

n
2r '

n

 d3

r ''
 d4
n

Substituting, the above equations yield to a set of 4 equations:
c1x 40.5
 0.5
c 2 x 8
 0.5
c 3 x 11
 0.5
c1x 4



 2x 4  c 5  2c 9 x 4 x 80.5  d 1x 6  d 1c10x 6 x 80.5  0

0.5
 c 5  c 9 x 4 x 80.5  1  d 2 x 6  2x 8  c 7 x 80.5 x 11
 2  d 2 c10x 6 x 80.5  0

0.5
 c 7 x 80.5 x 11
 2x 11  d 3 x 6  d 3c10x 6 x 80.5  0

(D.6)

0.5
0.5
 c 2 x 80.5  c 3 x 11
 x 4  c 5 x 4 x 80.5  1  d 4 x 6  c 7 x 80.5 x 11
 x 8  c 9 x 4 x 80.5

 1  d 4 c10x 6 x 80.5  x 11  1

To solve this set of equations with four unknowns ( x 4 , x 6 , x 8 and x 11 ), NewtonRaphson method is implemented. Originally in the paper of Olikara and Borman (1975),
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they used the Gauss-Seidel method, which is commonly used in solving linear equations.
Here, since the equations are non-linear, the Newton-Raphson method is more effective.
Given the equations in the form as below:
fi 

fi
fi
fi
fi
x 4 
x 6 
x 8 
x 11  0, i  1,2,34
x 4
x 6
x 8
x 11

(D.7)

which can be written as in matrix form as:
Ax  B

(D.8)

with the denotes as:
 f1
 x
 4
 f2
 x
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 f3
 x 4
 f
 4
 x 4

f1
x 6
f2
x 6
f3
x 6
f4
x 6

f1 
x 11 
x 4 
 f1 
f2 
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x 11 
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f3 
x 8 
f 


 3
x 11 
x 11 
 f4 
f4 

x 11 

f1
x 8
f2
x 8
f3
x 8
f4
x 8

(D.9)

Equation (D.8) can be solved as:
x  A 1  B

(D.10)

Now, x can be solved numerically. With given initial value of x , this method
converges very quickly and x 4 , x 6 , x 8 and x 11 can be found, then all other unknowns can
be determined.

Appendix D.3: Determine the Adiabatic Flame Temperature
Here the adiabatic flame temperature is the temperature at constant pressure, if
not specified. From the 1st law of thermodynamics, we have:

H reacts(Tr ,P )  H prods(Tad ,P )
157

(D.11)

where H reacts is the reactants enthalpy and H prods is the products enthalpy.
Mathematically, to find Tad numerically, we artificially make up a function as:
H T   H reacts(Tr ,P )  H prods(T ,P )

(D.12)

It is obvious that the right Tad will make H T  very close or equal to 0. To
proceed to solve this non-linear equation, the Newton-Raphson method is used as:
T n  1  T n  

H Pr oducts(T n  ,P )  H reac tants(Tr ,P )

 

 12

  x i   C p T n 
 i 1 

(D.13)

where T n  is the guess temperature at the ith iteration; C p is the average molar specific
enthalpy of the products and it is determined by:
12

Cp 

 xi

 c p ,i

i 1

12

(D.14)

 xi

i 1

Appendix D.4: Results and Discussions
Since the equilibrium is developed at Mississippi State and using the constants
from the JANAF thermochemical data, the entire program of the combustion equilibrium
calculation is called MISSJAN here. The predicted products composition and adiabatic
flame temperature from MISSJAN are compared with the data from STANJAN. In the
following validations, methane is selected as verification of the equilibrium program. The
initial conditions are set as: pressure is 1bar and the fuel and air are in temperature of
298K.
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Figures D.1 to D.4 are the comparisons of mole fractions between MISSJAN and
STANJAN with respect to different equivalence ratios ranging from 1.8 to 0.2. As can be
seen from these plots, MISSJAN can predict the major species mole fractions very close
with STANJAN. For instance, in the high equivalence ratio when fuel is excess, mole
fraction of CO is well predicted; while in air excess conditions, mole fraction of CO 2 is
reasonably estimated.

0.6

MISSJAN
STANJAN

Mole fractions

0.5

0.4

0.3

0.2

0.1

0.0
0

1

2

3

4

5

6

7

8

9

10

11

12

13

Xi

Figure D.1 Comparisons of the mole fractions between MISSJAN and STANJAN at
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Figure D.2 Comparisons of the mole fractions between MISSJAN and STANJAN at
  1.0 .

0.8

MISSJAN
STANJAN

0.7

Mole fractions

0.6
0.5
0.4
0.3
0.2
0.1
0.0
0

1

2

3

4

5

6

7

8

9

10

11

12

13

Xi

Figure D.3 Comparisons of the mole fractions between MISSJAN and STANJAN at
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Figure D.4 Comparisons of the mole fractions between MISSJAN and STANJAN at
  0.2 .

The adiabatic flame temperature is very useful in some cases. For example, it
should be the highest temperature a control volume (C.V.) could have when neglecting
the energy transferred out, therefore we can compare it with the flame temperature to
check if it is reasonable. In ideal case, the diffusion flame temperature should be
comparable with the adiabatic flame temperature.
In Figure D.5 below, the predicted adiabatic flame temperatures for methane from
MISSJAN and STANJAN are presented with different equivalence ratios ranging from
0.1 to 2. First, the general property that the highest adiabatic flame temperature occurs at
around stoichiometric condition is well captured in both MISSJAN and STANJAN.
Second, in every equivalence ratio, both predict the temperature vey closely. As a result,
the ability of MISSJAN to predict adiabatic flame temperature is verified.
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Figure D.5 Comparisons of adiabatic flame temperature predictions between MISSJAN
and STANJAN at different equivalence ratios.
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